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ABSTRACT 


Supported metal catalysts provide an economical way of utilizing 
noble metals as commercial catalysts. In this work two methods of 
characterizing such catalysts, electron microscopy and selective gas 
adsorption, have been studied in detail. These two techniques have 
been employed in following the sintering behavior of a variety of 
Pt/Al,0. catalysts. A model for sintering of supported metal catalysts 
has been developed. 

The accuracy of particle size distributions determined from elec- 
tron micrographs was examined from both theoretical and experimental 
points of view. Particle detectability and apparent size were found 
to be sensitive functions of defocus, and hence of elevation of par- 
ticles in the specimen. Contrast has been shown to vary with orienta- 
tion of both particles and support material. Sources of contrast 
inherent in the support in the sub-nm range have been illustrated. 

It is concluded that particle size distributions become increasingly 
subject to error as the fraction of particles with sizes below about 
2.5 nm increases. 

The nature of adsorbed oxygen on Pt/Al,0. Supported catalysts 
and the reaction on the surface of oxygen with hydrogen have been 
studied. Gas uptake data show that a repeated (H,-0,) titration step 
leads to subsequent enhancement of the hydrogen adsorbed on the sur- 
face, and a retardation of subsequent oxygen uptake. The enhancement 
is correlated to the ratio of initial hydrogen to initial oxygen up- 
takes, which in turn depends on the dispersion of the platinum crystal - 


lites. 
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IR spectra of CO adsorbed on catalysts with preadsorbed oxygen 
reveal two types of adsorbed oxygen species. Type I forms during 
room temperature adsorption, while Type II is found after high tem- 
perature adsorption and repeated (0,,-C0) treatment. Type II adsorbed 
oxygen is not observed after repeated (H,-0.) treatments, and hence 
is ruled out as a cause of enhancement. HA0 generated during the 
titration step is postulated as a possible cause of the enhancement/ 
retardation effect. 

An interparticle transport model for the sintering of supported 
metal catalysts has been developed. The model postulates escape of 
atoms from crystallites to the support surface, rapid migration of 
these atoms along the surface, and their recapture by crystallites 
upon collision. A reduction in surface energy provides the driving 
force for transfer of metal from small to large particles. The 
model has been solved by finite difference methods and applied to 
several theoretical particle size distributions (PSD). The model 
predicts an increase in the rate of sintering as the width of the 
initial PSD increases. The rate of sintering also increases as the 
surface velocity and the metal loading increase. Sintering behavior 
is sensitive to the activation energy and temperature. Under certain 
conditions substantial redispersion is predicted. The model can 
account for power-law orders from < 2 to > 13, as observed experimen- 
tally. Power-law order increases with PSD width and with increases 
in mean crystallite size. 

Changes in the dispersion of supported Pt/Al,0. catalysts follow- 
ing reduction and a variety of thermal treatments have been monitored 


by gas uptake and electron microcopy. Evidence of redispersion was 
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found after sintering of one catalyst in oxygen at 450° to 600°C. 
Sintering is found to be sensitive to gas atmosphere and metal loading. 
Addition of a portion of presintered catalyst containing large Pt 
particles increased the rate of sintering of a catalyst. From electron 
micrographs of the same catalyst area before reduction and after 
reduction and various thermal treatments, it was concluded that Pt 
agglomeration occurs during all these steps. Some Pt crystallites 


remain in a fixed location during reduction and thermal treatments. 
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CHAPTER 1 
INTRODUCTION 


1.1 Supported Metal Catalysts 


The catalytic properties of metals have been known for over 100 
years. Early applications of metal catalysts were generally confined 
to laboratory research studies, particularly in organic synthesis 
reactions. Since problems of scale economy or catalyst life are 
generally not critical in synthesis studies, catalysts were generally 
used in pure metallic form. 

In this century, however, and particularly since the Second World 
War, metal catalysts have found increasing application in large scale 
industrial processes. Reactions such as hydrocarbon hydrogenation and 
dehydrogenation, partial oxidation, and petroleum reforming are all 
examples of standard manufacturing processes utilizing supported metal 
catalysts. In plant operation, catalyst expense and durability become 
extremely critical and this cost/lifetime pressure led to the develop- 
ment of supported metal catalysts. 

A supported metal catalyst generally consists of a relatively 
stable porous base (carbon or a metal oxide such as alumina or silica) 
on which small crystals of the metal are grown. Group V111b metals 
(Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt) are the most common metals 
Supported in this fashion. The metal is generally added to the support 
by immersing the support in a salt solution, evaporating to dryness, 
and then atcreri tecvcing the metal salt directly or converting it to 


the metal oxide in an oxygen atmosphere and then reducing the metal 
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oxide. The resulting metal crystallites may vary in size from 200 nm 
or more to smaller than 1 nm. 

The economic value of supported metal catalysts may be readily 
shown. In purchasing metal, a user pays by bulk; in using the metal 
as a solid catalyst in a gas phase reaction, he utilizes only those 
metal atoms which "see" the gas, i.e. surface atoms. The ratio of 
surface metal atoms to total metal atoms, known as the dispersion ratio, 
thus measures efficiency of utilization of the expensive metal. Table 
1.1 shows the rapid decrease in dispersion as metal crystallite size 
increases!*! 


Table 1.1: Rapid Decrease in Dispersion as 


Metal Crystallite Size Increases 


# of Atoms in Crystallite size, nm 

edge of crystallite (based on platinum) Dispersion 
2 0.78 1.000 
5 | HEIs 0.780 
10 3.89 0.490 
18 7.00 0.300 


Thus use of 7 nm metal particles "wastes" 70% of the total metal 
atoms, which are unable to participate in the reaction. By way of 
further illustration, a platinum metal cube with a 1 mm edge has a dis- 
persion of about one one-millionth, so 99.9999% of the metal atoms do 
not contact the gas. 

Attempts to physically disperse metal catalysts through grinding 
or precipitation of a metal sponge (black) prove unsuccessful for two 
reasons: first, particles even in the 100 nm range are such a fine dust 


that containment within a reactor is difficult; second, even at moderate 


mit OOS mort ssf2 nf vive Vom ett Ped]{uto. rasan’ con’ 
an fnsils pte 


ylibsey od yom eteyfotes Paton patna | 
fatsn ait onfeu at :Afud yd ave me ive eoesiran at 
seorr vino esstitiu 3t .notiosey s2stn zap 6 AED 
to otsay sit .2emots soctww2 .5.T .26p Lasrnauad “a 
cdfder aotaysgetbh sid 26 Nwony szmots. Teton (sto? of ends fh 
sfdeT late, ovtensqxe sit to notdaxih itu 70 Kis hoi tts 
axfe sotlisteyto (stom 26. nofeyaqerts nt gz26a%aeb bier) aii wi 


as noleveqet at seseiasd bigem “Sh ieiaat 


zs2eatonl sst2 Siri aseve) {stom 
mi. »oske SITre 


nofevogett  —ss—=_ (muntisig fo send) 
000. [ 8T.0 
ng\ 0 aecf . 
Oh.0 09.€ 
OO0€,.0 7% 
| OO.By gs <2 


Favan {6203 ‘ott Yo FON “2etenw" 2pTot tet Tstom! met ¥ %, gau e 

Fo vs XE .nottosay oft nt steqi oi tae or olden sve Wotlw 

, -efb 6 26d Sake mn r ry (ig fe eduo Fetant. munrtelq. 6. noryenteuthh +98 | 
‘ab emote fatom oft to reeep 60 o2\.Htnot lf tmesno ‘Sno pene ih 19¢ 
| sak Sith 498809 Fon 

- gintbarae, Apuoris: ie a [ on een i tobe iii a_i 
. | ont sot Tuteessouend: cna taabtd) ono as Ae tettgt 


~ae 


temperatures the metal particles, even in a sponge, tend to reagglom- 
erate to larger crystallites. Use of a supporting material reduces 
both of these effects. In general metal crystallites adhere quite 
firmly to the supporting material, and thus catalyst loss in the pro- 
duct is negligible. In addition, the support holds small crystallites 
at a distance and retards sintering, the name given to the process of 
metal crystallite growth. Thus the support stabilizes highly dispersed 
metals and allows economical use of expensive metal catalysts in large 
scale industrial processes. Generally, the support is inert and does 
not influence the reaction, although petroleum reforming is a notable 


exception to this rule. 


1.2 Measurement of Metal Dispersion and Crystallite Size 


As outlined above, metal dispersion, a function of the metal cry- 
stallite size, is an extremely critical parameter of a supported metal 
catalyst. In addition to the problem of efficient use of metal atoms, 
detailed above, a second factor makes dispersion significant. Boudart! -2 
has identified two types of catalytic reactions, facile and demanding. 
In the former, the reaction rate varies directly as the surface area 
of the catalyst; in the latter, the reaction rate per unit surface area 
of metal depends upon the crystallite size. For example, van Hardeveld 
and van Montfoort!+3 demonstrated that the nitrogen adsorption activity 
per unit surface area of a nickel on silica catalyst was highest when 
crystallite sizes were 2 to 7 nm. 

Thus knowledge of average metal particle size and particle size 
distribution are important in characterizing a supported metal catalyst. 
Three techniques have been employed in the determination of the size of 


the metal crystallites, and each will be briefly described here, along 
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with advantages and disadvantages. 


1.2.1 X-Ray Diffraction Line Broadening 


1.4 explain the theory behind use of x-ray line 


Klug and Alexander 
broadening in determining small crystal sizes. Briefly, an x-ray dif- 
fraction peak for a given crystal plane broadens as the crystal size 
in the sample decreases. The peak width difference between large cry- 


stals (width determined by instrumental response) and small crystals 


(additional width due to crystallite size) may be related to an average 


crystallite size. smith! indicates that an average size 
Set 
Ah bl Lal 
=n d.3 


sie 


is obtained, where d is the average size obtained by this method and 


n. is the number of particles in the size interval centered on d.. 


Fourier analysis of the broadened diffraction curve yields some infor- 
mation on the particle size distribution of the sample. 
However, the great drawback of x-ray diffraction line broadening 


is its inability to detect particles of a very small size. While some 


lipldegtiet reported detection of 3 nm particles and smaller, it 


is generally accepted! °® 


authors 


that particles less than 5 nm will not be 
detected by x-ray line broadening and thus will not be included in the 
average particle diameter. Since 5 nm represented a median to upper 
limit of the metal crystallite sizes of typical interest in this re- 


search, x-ray techniques have not been employed. 


1.2.2 Electron Microscopy 


Adams et Pee and Moss! °2 gave some of the first descriptions of 


the use of the electron microscope in determining particle sizes in 
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Supported metal catalysts. Since then numerous investigators have 
utilized electron microscopy to determine particle size distributions. 
The primary advantage of electron micrograph analysis is that the data 
are in the form of a distribution, rather than an average particle size. 
Chapter 3 examines in detail the accuracy and validity of particle 
size distributions determined by electron micrographs of catalyst speci- 
mens. It is concluded that even under ideal conditions the computation 
of accurate particle counts is questionable when the size of particles 


counted drops below 2.5 nm. 


1.2.3 Gas Chemisorption 


The third means of determining relative particle sizes in a 
supported metal catalyst is through measurement of the gas chemisorbed 
on the metal surface. One advantage of the method is immediately 
evident--it measures how the catalyst will interact with a feed stream 
in reactor conditions. Since all metal atoms that interact with the 
gas are detected, this method "sees" particles of all sizes, even 
atomically dispersed metal. 

Three methods are available for determination of chemisorbed up- 


take, the classical volumetric method using a vacuum rack, a dynamic 


1.10 reviews 


adsorption system and the gravimetric balance. Dorling 
each method. The classical volumetric approach provides greater accur- 
acy and allows ready determination of isotherms (uptake versus pressure 
at a variety of temperatures). However, it is more time consuming and 
involves a higher capital investment than the dynamic method. Samples 


require two determinations, one measurement of gas uptake on the sup- 


ported metal catalyst and one on a support blank so that physical 
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adsorption effects may be eliminated. 

The dynamic method's primary advantages are atmospheric operation 
(t.e., it does not require a high vacuum system), and elimination of 
Support correction; these two factors allow more rapid analysis of gas 
uptake. The system employed in this research will be briefly detailed 
in Chapter 2. 

The gravimetric method actually weighs a small catalyst sample and 
records weight increases due to gas adsorption. This method also in- 
volves high capital cost, and is also difficult to apply for hydrogen 
adsorption because of the low mass of the adsorbate atom compared to 
the sample. The gravimetric technique has found widest application with 
heavier adsorbed gases such as carbon monoxide and hydrocarbons. 

Whatever the method of its determination, the uptake is related to 
an average size through an adsorption stoichiometry and a crystal-shape 
model. The most generally assumed models for stoichiometry are either 
One atom of oxygen or one atom of hydrogen per exposed metal surface 
atom; both have been reported and used by various workers. Crystallites 
may be modeled in a variety of ways, for example, as spheres, as cubes, 
as octahedra, as cubo-octahedra, etc. Each of these models predicts a 
dispersion (fraction of atoms that are at the surface) as a function of 
particle size. Van Hardeveld and Hartog!:!! Summarize these models; 
deviations among the various models are small. 

Thus, by assuming an adsorption stoichiometry, the absolute number 
of surface metal atoms may be determined from the measured adsorbed gas 
uptake. The absolute number of total metal atoms is known from the 
catalyst composition and weight, so the dispersion may be readily calcu- 


lated. From the dispersion, a surface average diameter is determined. 
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The surface average diameter, d, determined in this fashion, is 


related to the particle size distribution by the relation’: |! 


in.d.? 
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Chapter 4 examines in greater detail the uptake of hydrogen and 
oxygen on support Pt catalysts. Anomalies in the titration reaction 
(consumption of adsorbed oxygen by gaseous hydrogen, or vice versa) 


are discussed in detail. 


1.3 Sintering of Supported Metal Catalysts 


Although a support material helps to stabilize metal dispersion 
as compared to pure metal catalysts, changes in the dispersion of sup- 
ported metal catalysts still occur. This effect is known as sintering; 
loss of dispersion via this process is one of the major factors limit- 
ing the life of supported metal catalysts. Where supported metal 
catalysts are envisioned in high temperature situations (such as auto- 
motive exhaust mufflers), problems of dispersion maintenance are es- 
pecially critical. 

The physical mechanisms accounting for sintering have not yet 
been established. In Chapter 5 an existing model advanced to explain 
sintering behavior is reviewed, and an alternate model postulating 
surface diffusion of atoms is advanced. This atomic surface diffusion 
model is solved and applied to a number of situations of catalytic 
interest. The effect of the model parameters on the predictions for 
sintering behaviour is detailed. Finally, in Chapter 6 experimental 
evidence of sintering is presented and discussed in light of the theore- 


tical models. 
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CHAPTER 2 
EXPERIMENTAL PROCEDURES 


2.1 Catalyst Preparation 

Commercial and prepared catalysts were used in this work. Engel- 
hard 0.3% and 0.5% Pt on Al,0. catalysts (all catalyst concentrations 
are reported by weight), and 0.5% Rh on Al,03 were used after over- 
night reduction at 500°C. 

Prepared catalysts were made with two Al,0. Supports, Kaiser 201 
spheres (8-10 mesh) and Alon®, a fine alumina manufactured by the 
Cabot Corporation. In each case the support was wetted by a solution 
of chlorplatinic acid (H,PtCl.) » then dried at 110°C. The catalyst was 
then given a mild reduction at 250°C, which converted the metallic 
Salt to metal. Details of the preparation are given in Appendix A, 
Section 1. Before gas uptake measurement the catalyst was further 
reduced in Ho at 500°C. Catalyst loadings from 9.10% to 4.76% were 
prepared in this fashion. Span! Dorling?*¢, and Gil 'debrand?*° 


give a broader discussion of various supported metal catalyst prepara- 


tion techniques. 


2.2 Gas Adsorption by Dynamic (Flow) System 


Figure 2.1 shows a flow plan of the dynamic system used in this 
work for adsorption measurements. The catalyst sample was inserted 
in a Vycor glass tube, allowing heating to 800°C. The catalyst re- 
mained under a constant flow of an inert carrier gas (generally helium) 


during uptake measurements. Gases to be adsorbed (generally Ho or 0) 
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were flowed through a calibrated sample loop; switching of the sample 
valve (Carle Instrument Co, Fullerton, Cal; catalogue #2014) thus 
injected a pulse of known content in the carrier gas stream. Provi- 
sion of two calibrated rotameters allowed dilution of the sample gas 
by the carrier gas. Thus a range of pulse sizes could be generated. 
Gas connections were through flexible Swagelok Quick-connects, elim- 
inating the danger of leakage through pressurized valves. Carrier 
and sample gas flow rates were measured by bubble flow meters. 

The catalyst could be inserted in a temperature controlled 
furnace or in various temperature baths, thus allowing uptake as a 
function of temperature to be readily determined. The furnace was 
a Thermolyne Model 86 (Sybron Co, Dubuque, Iowa) modified to allow 
introduction of the Vycor tube holding the catalyst. Temperature was 
controlled by a Thermo Electric 400 temperature controller (Thermo 
Electric Co, Saddle Brook, N.J., Model No. 3242200) attached to an 
iron-constantan thermocouple in the vicinity of the catalyst. A 
second thermocouple was inserted into the furnace and its output 
recorded as a check on the internal temperature. In practice control 
was within 5°C, with little overshoot when a sample was inserted in 
a hot furnace (<20°C) and no overshoot on cold starts. 

Standard adsorption temperatures were: -98°C (a methanol ice 
bath made by stirring liquid No into a Dewar flask containing methanol; 
0°C (ice bath); 96-97°C (boiling distilled H.0)5 and 203°C (in the 
furnace). Room temperature runs were made by inserting the tube in 
an H0 filled beaker; room temperatures varied from 22° to 24°C. Re- 
duction was generally effected at 500°C, followed by helium outgassing 


for one or two hours at 500°C. One requirement of a dynamic system is 
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a high purity carrier gas, since even traces of adsorbents such as 
carbon monoxide or oxygen in the carrier gas will accumulate on the 
sample. In this system the carrier gas is first passed over a mixed 
reduction-oxidation catalyst (supported Cu/Cu0) prepared according 


to the method of Meyer and Ronge“**. 


Contamination of a carrier gas 
by Ho or 0, after passage over this bed of less than 0.4 ppm was de- 
termined by the above authors, and confirmed in this laboratory from 
a long term degassing study described in Appendix A, Section 2. 
Water is removed after the carrier gas purification step by a mole- 
cular sieve column. The by-pass gas line allows bypassing of the 
purification catalyst during oxidation or reduction of the sample 
catalyst. Valving was included to allow bypassing of the thermal 
conductivity cell when desirable. 

Hydrogen used in this work was formed in a Matheson Ho Generator 
and further purified by passing over an Englehard Deoxo hydrogen 
purifier. The gas was dried over a molecular sieve column before 
introduction to the catalyst. Oxygen and nitrogen were Linde pre- 
purified grade, 99.995% and 99.997% pure, respectively. Instrument 
grade helium supplied by Canadian Liquid Air was further purified, 
as described above, before use. 

The size of the input pulse of oxygen was established by compari- 
son to a known volume of gas injected by syringe; use of the ideal 
gas law enabled calculation of the moles of oxygen per pulse. In all 
runs the flow of 05 through the sample loop was held constant to en- 
sure identical pulse sizes. Hydrogen content in the sample loop under 
standard flow conditions was determined by pressure measurements in 


the sample loop; comparison to the pressure during oxygen flow allowed 
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the Ho content to be calculated by the ideal gas law. Details of the 
calibration are given in Appendix A, Section 2. 

The output pulse was measured by thermal conductivity cell 
(Gow-Mac Instrument Co, Madison, N.J., cell model 10-785, with Rhenium- 
Tungsten filaments, powered by a GSow-Mac Power supply, model 40-001) 
and recorded on a chart recorder. Mechanical integration of peaks by 
a Disc Integrator was used to calculate the size of the output pulse. 

In standard operation pulses of adsorbate gas were passed over the cata- 
lyst until a steady state output size was achieved (presumed to be iden- 
tical to the input pulse). Comparison of partial output peaks to the 
area of the final output peak enabled calculation of the total output 

of adsorbate gas. The amount adsorbed on the catalyst surface was 
determined by difference between input and output. 

Appendix A, Section 2, details studies of the variation of gas 
uptake in standard operation of the flow system. The influence of 
reduction time, outgassing time, rate of adsorbent admission and other 
parameters on gas uptake is also reviewed. 

This flow system for chromatographic pulse measurement of gas 
uptakes on catalysts is similar to that described by Freel and others 
et img - Ba Chromatographic desorption measurement systems@*?? 2.10 and 
chromatographic breakthrough systems utilizing a constant flow of 


Zeidd 


adsorbent gas have also been described. 


2.3 Electron Microscopy 


The electron micrographs used in this work were recorded on a 
JEM 100 B Microscope in the University of Alberta Department of Physics. 


The microscope was equipped with a goniometer (tilting) stage, and 
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was capable of resolving the 0.34 nm spacings in graphitized carbon. 
All images were recorded in the bright field mode using a 100 KV 
accelerating voltage (\ = 3.7 pm). The maximum magnification re- 
corded on the negative was 330,000, although further increases were 
obtained through photographic enlargement. 

For analysis of pretreated catalyst specimens, samples were 
crushed into a fine powder and suspended in an inert solvent, then 
dropped onto a copper grid covered with a "holey" carbon film. The 
latter was prepared by condensing water droplets in a film of dissolved 
plastic. Specifically, a pre-soaped dry glass slide was dipped into 
a 0.1% solution of formvar in chloroform (CHC1,). Water was added to 
the slide by breath or as a mist from sprayer. As the solvent evaporated 
and the plastic film hardened, holes were left whose size could be rough- 


2.12, 2.137 The plastic 


ly controlled by the preparation conditions 
film was then floated off onto water, and electron microscope grids 
placed on it. The film was then picked up by adhesion to a piece of 
paper or plastic sheet. After drying, the film covered grids were 
coated with a thin layer of evaporated carbon to conduct electrons and 
Strengthen the film. When the suspended catalyst was dropped on the 
film, portions of the catalyst extended over the holes, so that any 
effects of the carbon film on the image contrast were avoided. Astig- 
matism was corrected at maximum magnification, and very low contamina- 
tion rates were achieved through use of the standard decontamination 
device. 


For in sttu reduction and sintering studies, where the catalyst 


was treated after placement on the electron microscope grid, two 
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modifications were employed. First, a tungsten grid was used, because 
of its greater strength at sintering temperatures. Second, in order 
to improve film stability the plastic film was dissolved after being 
carbon-coated; as a result, "“holey" carbon films were prepared which 


were stable for some time at 500°C in an inert atmosphere. 


2.4 Other Measurements 

In conjunction with our studies of the titration reaction over 
Supported Pt catalysts, Dr. Eichi Kikuchi measured gas uptakes on 
a static system and IR spectra. These data are presented in Chapter 4. 

The static apparatus was a conventional high vacuum glass volu- 
metric adsorption system. The catalyst was typically reduced in hydro- 
gen at 500°C for two hours and then evacuated for another two hours at 
that temperature. 

IR measurements were carried out on a2.03% Pt on Alon catalyst. 
IR transparent wafers were prepared by pressing a finely crushed 
powder in a one inch diameter die at pressures of 12 tons/in¢. The 
catalyst wafer was placed in an in sttu infrared cell with sodium 
chloride windows. Pretreatment conditions were identical to those 
for the static measurements described above. Subsequent IR spectra 
were recorded at room temperature on a Perkin-Elmer Model 621 spectro- 
photometer, using a similar cell without a catalyst wafer in the re- 


ference beam. 
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CHAPTER 3 
THE LIMITATION OF THE TRANSMISSION ELECTRON MICROSCOPE 
FOR CHARACTERIZATION OF SUPPORTED METAL CATALYSTS 


3.1 Survey 
In the last fifteen years the electron microscope has found in- 
creasingly widespread application for the characterization of supported 


3.1-3.7, A principle aim in such studies is the deter- 


metal catalysts 
mination of the metal dispersion (the ratio of surface to total metal 
atoms) which can be calculated if the metal particle size distribution 
is known, and if a particle geometry is assumed. Electron microscopy 
has been used to provide direct determination of the size distribution 
from the images of the metal particles, as discussed in Chapter 1. 
The claimed resolution in images of supported metal catalysts 
has gradually increased, to the point where the detection of 0.4 nm 
particles and calculated average particle sizes of less than 2 nm have 
been reported? 9? 3.6; oa /q Such particle size distributions obtained 
by electron microscopy are based on three implicit assumptions, namely: 
a) the size of a metal particle is equal to the size of its 
image recorded on the micrograph (corrected for magnification) ; 
b) detection of a particle of a given size implies that all 
particles of that size and all larger particles are being 
detected; 
c) image contrast of the metal particles is distinguishable 
from contrast arising from the support material. 


These assumptions are consistent with the use of a simple mass-thickness 
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interpretation of image contrast in the electron microscope. 

It is clear that the correctness of these assumptions is impor- 
tant, since particle size distributions determined from micrographs 
have often been used to confirm a proposed adsorption stoichiometry 
for the selective adsorption of gases on supported catalysts?">? 3.6 
This latter technique, thus calibrated, has been used for routine de- 
termination of metal dispersions. 

Recent work on the bright field imaging of atoms and atomic clusters 


3 Om omoeme sat 


using conventional high resolution instruments has empha- 


Sized the importance of careful image interpretation, using theories 


Schl con’ the 


which take into account the defects of the imaging lens 
basis of such results and of the characteristics of the specimens involv- 
ed, it was suspected that none of the above assumptions was necessarily 
valid, particularly for smaller metal particles, and that limits should 
be determined for both the smallest reliable particle size and the 
smallest reliable difference between the size of two particles. 

In this chapter the results of an investigation into the contrast 
characteristics of images of platinum particles supported on alumina 
are presented. The qualitative predictions of both the phase contrast 
and of the diffraction contrast mechanisms of image contrast have been 
confirmed by experiments in which the variations in image contrast of 
specimen particles has been studied as the focus or specimen orientation 
were varied. The results confirm that the three assumptions listed are 


not correct for the conditions typical in high resolution microscopy of 


supported metal catalysts. 


3.c. specimen Characteristics 


| 
Crucial to these considerations are the characteristics of the 


yi -squoeorotm nowtoals of? sabes bien ie 
i -‘voqnit 2 znottqqwezs e2ont to atantsernis” ata Said vat" 
adgevporotm mori} bani sinayab cvottuain itt via atoiavens 
ay ytraeatiatene adit inchs na2oqorg Hadtahdo-o2 2 a : 
| if, me. Cotevi ates boyrnsaque no corey 26 neotanoebe one 
-§b sai tvoy "ct been, nood asi pateydt tas. awas - wphsss % 
Jeno faisqeyh (wham to ; 
2yeszuls atmots bas 2mos6 to pntegmi blat? angind ant 0 shail 998 in 


Bice .c, 6’. B. 


-shume. 2ar etnamitsent nortufoess Hoth lem 


2arsoedtd onfeu -dolistariqisint spam futavse to aoned19qmt ? 

siz 0 ff: ney piifgsmt. ait To 2t0stsh sii -sqdotas an 

~vfovnt .ensmioage adi to eatd2instasrsho sit to bane 23 1vesY dows’ ta 
“Lliveaeaner zon enotiqimezes svods Sdd. 7o anon Isdz batosqawa a 

bluore attmri sacs bas ,2oforiyvsa fers sat tonic xO? vlrefiak 

end, org ast2 slottasq aldarian teas | pang ont dtad Yor bs 7 

welofsysy vows “tov ute odd feawded ae es 

S3619H09 S19 OFM! Nottsptszevnl ne to,2d Tee ont ‘vadqers af 

Biimwls No SSinoqque oto sseq muntdelg Fo’ abi ta 2atge: 

PaBNGASD Seed odd Atod Yo 2nottarbergq avi cath Lip sat e 

p nad eval t2grdoo-epemt to ainetnad29m t2erind> notesevtteh ihe 
. 30 teenie. agent nt engisersev ori}, Notiw, at ecisnbyagxg eet 
” i ssn Nami ade: vo ayoor sit 2b betbuts nesdi2dd 2S oteNag 4 
brs begei[ sadbaepas 96rd ad sad bisa etluesy SHT + ta 


19 


catalyst as a specimen for high resolution microscopy. The metal 
particles vary from atomic clusters (consisting of a small number of 
atoms, or possibly single atoms), to true microcrystallites with dia- 
meters of the order of 10 nm. The fact that the larger metal particles 
are crystalline, with the same face-centered cubic structure as bulk 


material, has been established by x-ray diffraction®: | 


Sl 


and by analysis 


of dark-field micrographs At the other extreme, Prestridge and 


3.13 have presented micrographs in which images of clusters of a 


Yates 
few rhodium atoms have been identified. In these same micrographs, 
however, may be observed the strong contrast from the silica support. 

The metal particles are supported on silica or alumina particles 
which are usually porous assemblages of irregularly shaped crystals 
containing defects, of which some are inherent in the crystal structure. 
Crushing the catalyst to a powder generally results in clumps of support 
particles of varying thicknesses greater than 30 nm. 

The supporting material is in turn placed on microscope grids in 


various ways; only in the recent work of Freel?*> and Prestridge and 


o.3 


Yates have "holey carbon" support films been used, to eliminate 


any possibility of interference from the granular image detail observed 
in continuous amorphous support films (see, for example, Thon? !4y, 

From stereoscopic images it is observed that there is typically a range 
of elevations in the direction of the electron beam of order 100 nm, 
often between two apparently adjacent alumina particles. This specimen 
elevation, illustrated in Figure 3.1, imposes a different focus condi- 
tion upon various particles imaged in the same micrograph. Thus, within 


any one micrograph there will be a range of values of defocus (deviation 


from perfect focus), and within two micrographs of similar regions the 
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Figure 3.1 Schematic cross section 
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range of defocus values will in general be different. 
For the imaging of small atomic clusters, considerable efforts 
have been made to minimize the background contrast produced by the 


aon Such films are essentially 


supporting film (see, for example 
flat and only a few nm thick. Clearly the typical catalyst specimen 
is far from ideal in that the support imposes appreciable background 
contrast and holds the metal particles at different elevations. 
Finally it may be noted that the support particles, and hence the 
metal particles are oriented at random. Therefore any image contrast 
effects which are sensitive to the orientation of the electron beam 


may be expected to contribute to variations in contrast between other- 


wise identical particles. 


3.3 Theory of Image Generation 


It is clear from the characteristics of the specimens that more 
than one mode of image contrast formation must be considered. For the 
very small metal particles (clusters of atoms) the phase contrast 
mechanism will operate. However, for larger metal particles in which 
a definite crystalline structure has developed, the scattering process 
will be best described in terms of Bragg diffraction giving rise to 
diffraction contrast. This will apply also to the essentially crystal- 
line support particles. 

We have therefore considered the implications of each of these 
contrast theories in what follows. There will of course be a gradation 
from one of these extremes to the other, but for the present purpose 
the intermediate case need not be considered. It was found necessary 


to perform fairly detailed calculations of phase contrast in order to 
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evaluate the variation of image size with defocus. However the quali- 
tative features of diffraction contrast are sufficiently well document- 


ed, so that additional calculations were not required. 


3.3.1 Phase Contrast 

The contrast of an image obtained in the conventional transmission 
electron microscope is best understood by considering the situation in 
the back focal plane of the objective lens, where the Fraunhofer 
diffraction pattern of the electron wave emerging from the specimen is 
formed. The objective aperture placed in this plane cuts off from the 
image that part of the wave corresponding to electrons which are scat- 
tered through an angle greater than that subtended by the aperture. 
But in addition, the spherical aberration and the defocus of the lens 
have the effect of changing the phase of the wave in the back focal 
plane, through the "contrast transfer eS which depends also on 
the electron wave length and the scattering angle. Thus, even with a 
large objective aperture, the microscope will not image faithfully 
detail smaller than 1 or 2 nm. (For recent reviews of this theory 


3.14 3.15) 


see Thon and Hawkes 


The way in which the phase contrast transfer function removes 
certain spatial frequencies from the image while changing (including 


reversing) the relative phases of others has been established by Thon, 


3.14 


uSing amorphous thin carbon films In order to be able to inter- 


pret the images of particles smaller than a few nanometers, the 


effects of lens defects must be included in suitable theoretical cal- 


culations of image contrast. This was first done by Scherzer?'!!, 


Sie) 


more recently Reimer? 9 and Hall and Hines~*~ have made detailed 
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calculations of the contrast of single atoms and clusters of atoms. 
(The atom is considered to change the phase, but not the amplitude, 
of the electron wave.) Their results show that the optimum defocus 
values, at which maximum contrast is expected, vary with cluster size, 
and that for exact focus the contrast may be too low to detect. Hall 
and Hines?*? obtained through focal series of images of gold particles 
(on an almost structureless graphite support) which confirmed their 
predictions. 

In order to evaluate the effects on apparent particle size of 
the lens defects, we have computed image profiles of atoms and atomic 


316 


clusters using the formulation of Eisenhandler and Siegel Their 


solution employs a real atomic scattering factor, values of which are 


is This approach assumes a 


readily available (for example, 
phase shift of «/2 upon scattering, a less accurate approach than 

that of Hall and Hines?*?, who used a complex atomic scattering fac- 
tor with the correct phase shift due to scattering. However, their 
results show that the discrepancies between the two calculations are 
not significant for the qualitative results in which we are interested. 
In these calculations, the intensity at the point (x. 5 y;) in the 
image plane (scaled to unit magnification) is given by 

| 2 


l¥@.y) 21+ a- 6) ee@,y) 9 3.1 


v (x., y;) = the wave function of the scattered electron 
» = electron wave length, set by the voltage 
Clas ay = relativistic correction; g is the electron velocity 


expressed as a fraction of the speed of light. 
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For a single atom, R(X y;) is given by 


a 4 

max Ca 2 

eS Oh. cae 2 s 28 AES 

R(x, » y,) | £) (sin) /A) cos E sepa Cheeraprar Pe! acol 
fe) ; 


27ar 


re) r 


) ada Bac 


where 


a = scattering angle (a is determined by the objective aperture) 


max 
f_= atomic scattering factor for electrons 


6) 
C Spherical aberration constant 
Af= defocus 


J_= zero order Bessel function 
r.= radial position in image plane from scattering center 


(r=(x;° + ¥,°) ). 


For multiple atom cases, the Bessel function term above is re- 


placed by the expression 


all atoms 
2aT 2 2s 
1 as ( A Cx; r x) is (Ys a oa ad) ele’ 


m4 


where 


Rey ene the locations in the object plane of the various 
Scattering atoms. 
C 2 
mn. 2m (_s_), 2m (Afa” )| is the phase contrast 
The term cos ie ( Tea ( 5 | 
transfer function of the lens, and contains the phase changes imposed 
on the scattered electron wave within the lens by Spherical aberra- 


tion and defocus. 


In order to assess the variation in image intensity for particles 
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of different sizes, four cases were evaluated. These were arbitrarily 
chosen aS a Single atom, a three atom planar array, a four atom pyra- 
midal array, and a seven atom planar hexagonal array. For the multiple 
atom cases, the scattering centers (atoms) were separated by 0.275 nm, 
and the intensity profiles were computed along a radius which ran 
through a non-central atom. Test calculations along a radius running 
between two non-central atoms gave similar intensity profiles with 
slightly different spacings. 

The calculations were performed using relativistic Hartree-Fock 


atomic scattering factors for gold? !7, 


Values for C. (1.6 nm) and 
ahh (0.0125 rad) were chosen to be typical for a high resolution 
microscope at 100 KV (A = 3.7 pm). Since a range of defocus values 
are expected within an image, the calculations were performed for Af 
values from -200 to +400 nm in 20 nm Steps. 

In addition, the single atom case was evaluated over the defocus 
range -20 to +200 nm for four other values of Onax" These calculations 
were designed to test the effect of aperture size on phase contrast 
effects. 

The R integral, equation 3.2, was iteratively evaluated, with a 


minimum of 200 steps to 0. by the IMSL DRMBIU subroutine. Evalua- 


ax’ 
tion of H at intervals of 0.5 nm to a total of 10 nm allowed deter- 
mination of the phase contrast image profile, z.e. the image intensity 
as a function of spatial location in the image plane. Contrast, de- 
fined as the difference in intensity between image point and background 
divided by background intensity, is given pase The program for cal- 


culation of intensity profiles, along with details of parameters used, 


is shown in Appendix B. 
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3.3.2 Diffraction Contrast 

For larger specimen structures the phase contrast calculation is 
invalid, because multiple scattering and diffraction effects become 
Significant. Once the metal particles reach a size of 2-3 nm diameter, 
Bragg diffraction effects should dominate in the scattering process, 
and the use of standard multibeam dynamical calculations (see for ex- 


ample Hirsch et al>°!®) 


is appropriate. The diffraction pattern from 

a single crystal consists of a series of discrete spots corresponding 
to diffraction from various planes in the crystal. In the back focal 
plane the objective aperture intercepts all except the directly trans- 
mitted beam, giving rise to bright field diffraction contrast: the 
variation in the intensity of the directly transmitted beam from point 
to point across the crystal surface. The theory then predicts a fair- 
ly sensitive dependence of image contrast on the thickness and orienta- 
tion of the crystal: [8 , but a reduced sensitivity of contrast to 


defocus as compared with phase contrast images?" ?. 


3.4 Microscope Use 


In order to test these theoretical predictions, two series of ex- 
periments were performed. The phase contrast effects were examined by 
taking through focal series of each of a number of areas for both 
Bey atunine and pure alumina specimens. Diffraction contrast effects 
were observed by imaging the same field a number of times, tilting 
the specimen through a known angle between each set of through focus 
exposures. 

The astigmatism correction was checked for selected cases and 


the transfer characteristics of the lens were determined approximately 
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from through focal series of images of thin amorphous carbon which 


were analysed using a simple optical diffractometer? !*, 


The optical 
diffraction pattern reveals which spatial frequencies are present in 
the image, and which have been filtered out by phase cancellation 

(the contrast transfer function is zero for certain values of a). An 
example is show in Figure 3.2, along with a schematic of the resolution 
test apparatus. The distance from the central spot is proportional 

to the inverse of the spatial separation, and may be calibrated by 
imaging a known mesh. Accounting for magnification, the spatial scat- 
tering passed unfiltered for this particular pattern was calculated as 
0.55, 0.67, 0.89 nm and greater than 1.17 nm with filtering effects 
between these values. Alternate frequencies passed by the lens are 
reversed in phase relative to their original values. For this particu- 
lar case, no meaningful detail less than 0.55 nm was transmitted by the 
lens, thus representing a limit to resolution. Elliptical rings indi- 
cate the presence of astigmatism in the objective lens which had not 
been completely corrected. 

The objective apertures available subtended angles of approximately 
0.01, 0.006, and 0.003 radians. The first of these, a 60 nm aperture, 
was used for most of the work reported, since the project was concerned 
with the imaging of the smallest particles and atomic clusters. This 
aperture removes from the image information concerning spacings smaller 
than 0.37 nm, and is therefore large erough for phase contrast. On the 
other hand, all Bragg diffracted beams (except one) are intercepted, 
giving rise to diffraction contrast from the crystalline particles. 

The exception in our studies was the 111 reflection of Y-A1,03, for 


which d is 0.456 nm. Lattice fringes of this spacing were often 


11 
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NEGATIVE FILM TO 
OR RECORD 
STANDARD DIFFRACTION 

PATTERN 


MICROGRAPH RESOLUTION TEST 


Carbon Film Diffraction Pattern 


i .2 Schematic diagram of optical diffraction micrograph reso- 
aan tiie test. ai optical diffraction pattern from micro- 


graph of thin carbon film, illustrating the elimination 
of certain spatial frequencies from the image. 
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observed and were used as an internal magnification standard. The 
smaller apertures were used to verify the predicted effects of lower 


1 : 
Gnax Values on image resolution. 


3.5 Results and Discussion 


3.5.1 Calculated Image Profiles 


Solution of the phase contrast equation generates an image inten- 
sity profiles the result for a single atom and a defocus of 180 nm is 
shown in Figure 3.3. In order to compute detectability and size as a 
function of defocus, we assumed limits for distinguishable contrast, 
and took the width of the central peak (d in Figure 3.3) as the appa- 


3.16 vey dight-or dark 


rent size. Following Eisenhandler and Siegel 
maximum contrast was assumed to be necessary for detection: if the 
maximum intensity was between 0.95 and 1.05 the size was set for zero. 
The arbitrary nature of these assumptions is evident. Other size 
definitions could have been used, such as the diameter at 5% contrast 
(do g¢ in Figure 3.3). A different detectability limit would alter the 
sizes determined; under some conditions images can have bright and dark 
rings surrounding the central peak, with obvious complications in de- 
fining size. These and other factors would be critical if one attempted 
to deduce the actual size of a cluster (number of atoms), for which one 
would require to know the defocus value for each particle in the image. 
It is important to emphasize, however, that the assumption of different 
detectability limits or size definitions in no way affects the qualita- 
tive results of the present studies, which apply in general irrespec- 


tive of the optical constants of the particular microscope being used. 


3.5.2 Variation of Contrast and Apparent Size with Defocus 
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The character of an image profile is a sensitive function of focus, 
and can shift from light, through undetectable to dark, as shown in 
Figure 3.4. The three profiles are for a single atom with defocus val- 
ues of 140 nm, 160 nm and 180 nm. 

Figures 3.5 and 3.6 show the calculated maximum image intensity of 
the four clusters of atoms as a function of defocus. It is evident 
that all four clusters will be detectable, as light or dark regions de- 
pending upon the defocus. In addition, it is evident that the range 
of defocus over which the arrays will appear as a region of dark con- 
trast, the "window size", increases as the number of atoms in the clus- 
ter increases. Table 3.1 shows the calculated window sizes for the 
four cases. 

In order to relate these results to micrographs of supported metal 
catalysts, the geometry of the specimen must be considered. Referring 
to Figure 3.1, the specimen in the region of a hole in the grid con- 
sists of an irregular stacking of catalyst fragments, with a typical 
depth (measured from the image shift after tilting the specimen through 
a known angle) of greater than 50 nm. This depth imposes an immediate 
restraint on any micrograph, for the defocus over the specimen has a 
range equal to the depth. A large crystallite in the specimen wil] 
have dark contrast regardless of its spatial position and defocus, 
because of the diffraction contrast mechanism. Small metal clusters, 
however, have a contrast which is extremely sensitive to the defocus, 
and thus only some regions of the specimen may be so situated as to 
provide dark phase contrast for these small particles. 

Calculated apparent size of metal clusters is also a sensitive 


function of the defocus, as shown for the three and seven atom cases in 


ve i | | | _ | a 
. » na 


a ,2uo0t Yo nottom) svbttense.s 2: .of og spent ne To wheat 
i nt mwole 26,298 of ofdstostsbay dituorwts aerl, wont x 
~lev auso?eb dttw mois oforr2 s 1h avs) zerhing sent ont y 

me ORT bap am COT mer 


io 


Wo. Vtenaiel seat mumtasm botsluclen of9, wod2e BLE bred. 
fnabtva-2f af “2eusdtob to nobisdelt 6s 26 emda WO i 
«sh 2doipot Y4eb vo JAoth es yoldssosdab od Ttw evedeuts wists 
apne sdf one thabivs 27 gr -nolsthde ul | 2Usoteb ene ros 9 
“noo HYGd Toalsiotpes 5 25 yesnae I fitw eS Sit dotdw weve 2u, 
-2ulo ont wi omeds to vadmia oft 28 egzeavodl , "Behe woke 
oi? Yo? zeste wobniw hetefusléo sddyewodle 1<e. sider 
hezam- beSyoqque io. 2erlasipoysim oF ea fues4 tied 57578". at bie / 
grivwsteh .berebiscos od teum somtosae sia * Vimo fad cat 
“e9 binp ond Wh sion s to noinat say nh nsmPaaqe ant , ee 
featayd # ixiw .cinempsyt Jevietss to ontdasea vehuper:? | oO 
devout semi page oi prity( ty wits 29 %he seam? ont mont borwesam) Fr 
ssarweart a6 2azeqmt diqoh 2taT- cn Oe nat? atesne to a alee 
6 26h wombvage aft +syo eusotab Sig) Aot AS NpO WaT NAB. ng Inte 


Ohh ED nanitoage adyont meh EROS Sp15t A Aageh sz of is 


Poe 


aeenete bas Nols fang farteqe: est to easthveper teendnas:: Halal Bil 


yeradeut> [edit heme. ane lieroem Lab INOD MoT Soni TE oid wm ” ery 


7 acon ona * avtatenpa ale zt Aw seansnoy ry suet vswor 
iv ra 2 
if cr 2 possi, 02 me er nomi aei2 Sd: Fo avatar ene ufo at Db 

’ iW - a ae ae : api 
a, ay ne papain: reine 92 sesinil searinos weed hab 


_ 


btvorg 


44 a ‘ ae _ . ; ” | 

tafanee hs: mes oe sh ‘ste ‘reas ment na 

ie ral 

: Pee ab A ‘J _ i 2 
Pe) Lxe aia work bane « , Me Pan tony 

o. os ny Shi aeninganite: Yor 

' = i 7 ae / fay) a) > 4 ‘y 
oii ae a D q ~~ “ cs a v 
tar ae 6 


a2 


*snoojap 
UL sabueyd 02 abewl ay} Jo ALALZLSUaS aU buLMOUSs ‘WO ze 
Oburs e wos Saytjoud AzLsuaqui abewt pezepnoped seuyl, y'e aunbiy 


wu 'SHIaVY 
se OE neta ee ae as a ne 


a 
wu osisyv——7 gee 


/ i ISVYLNOD AAVA 


$80 


{7 


Xowu O9L=3V 
SOL 


| LSVYLNOD LHOI1 
wu Oorl=jV 4 aa0 lt 


(,A) ALISNSLNI 3OVWI 


—— i ee ml ee A cerca 


5.0 


&O 


mn 2UldAR +e 
alpnt2 6 10? eclitovg ysiensini spat betefsatss aati . a it 


nt eopredo- of spemt oft To vityittense anz pafwode moss eS 
2agoteh ) ; 


33 


“SaNLeA snoojap 
$O abueu pazoa[as e& UaAO ALUO 7SeuqUOD yYURP a[qe}9aIap SALD 
LLEM SuazsSn[d Woze [[y “Sased WloZe UBsAaS pue |uo ay. UOJ 
sNoojop JO UOLZOUNZ e Se AZLSUudqUL abewL wnuLxXeW pazeino_ey Gre aunbLy 


wu 'SNdO43F0 


OOY 00Z | 0 00Z- 
= 
> 
eo cas 
SWOLV Z- = 
a 
= 
60. 
= 
jee > 
(@) 
Og f 
NT NeW Re one ML NS i ee ey Ze 
aj 
mm 
eo 
~N 
= 
~< 


ol 


pMesGie AG) ] 
ffFOU Of GDSLOCh2Z 


~ 
\ 


~ 
aa 


pow 


Useyzi~A g2 9 LAs 


Vil 3 


- 


‘ 
> 


DOUELSSL GkjArOAGK J 26)6C SG isuue oy 


PS} S - GI46. 
US Sug Z6AGU sro ceem 
req wexjunw suweds 


ee 
“> coyen) 


DEEOCHhe vw 


W0G 


—SVLOW? 


a Nt 
.° o 


ey s R; 
wwii inves ised 


34 


“SaNLeA SNdojJap 40 

abued payoalas e& 4aAO AL UO 4Se4}UOD YURP a[qeioaqap ALO 

[LEM S4azsn]d woze LLY “Sased woze unos pue aauya auz sol 
Sno0jap JO UOLZOUNS e Se AZLSuUazUL aHewL wNWLxXeW paze_nd,e) g°¢ aunbLy 


wu "$NdO0430 
giCOr ==; 00m 0 002- 


SWOLV 1 


JOVWI WOWIXVW 


ALISNSINI 


a cal 7 as 
; s¢ 


pa eR As Ls ap ES See 
Se a ne Ss o> 
@MOTA & a 


WYXIWOW IWWGE WALEMe 


00s 0 
fn cUI0730 


2yaotsh to sofsarut 6 26 yitensint sasm? oumixem betélola)- 3.0. capert 

fifw 2vetzulo mote T{A .eeeso meds Wut bie sound ent yt — 
Spney bsios's2 6 1syo ylao J2b%3aGo seb Slash Sui 
.2sulsy 2u5oteb To 


Table 3.1: Theoretical Defocus Windows for Dark Contrast for Various 


Atomic Clusters (C. 


Case 

1 atom 
3 atoms 
4 atoms 


7 atoms 


= 1.6 mm, A = 3.7 pm) 


Windows 
60-120; 150-195; 235-250 
45-215; 240-275 
40-280 
10-390 
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Figure 3.7. Even in the region where clusters give dark contrast, the 
Sharpness and diameter of their images varies strongly with defocus. 
Thus, again returning to an actual catalyst specimen, identical small 
metal particles at different elevations in the specimen would be expect- 
ed to have varying image sizes, because the variation in defocus for 
these particles is equal to their differences in elevation in the speci- 
men. Similarly, identical particles imaged in different micrographs 
would in general appear of different sizes because of differences in 
defocus. 

An extreme case of the deviation in calculated image appearance 
with defocus for the four atom case is shown in Figure 3.8. A 60 nm 
change in defocus changes the image from a dark region of 0.8 nm 
apparent diameter, to a ringed dark-light pattern, with an apparent 
Size for the inner dark region of 0.4 nm. 

Analysis of a series of micrographs of a 4.76% Pt on Alon cata- 
lyst confirms that for small contrast regions detectability and appa- 
rent size are a sensitive function of the defocus. Figure 3.9 shows 
micrographs of identical areas of catalyst at various values of de- 
focus. (Reproduction may have reduced the quality of the micrograph; 
prints are available on request from the author.) Between the two 
micrographs shown in Figure 3.9 (a) there is a difference in defocus 
of 80 nm. Regions "a" and "d" show the distortion of apparent shape 
effected by the defocus change. The dark region "a" appears to re- 
solve into two crystallites in the right hand micrograph, while the 
shape of particle "d" is substantially altered. The region of con- 
trast above "c" is enhanced in the right hand picture. Regions "b", 


"ea" "£" and "g" show the fine contrast detail which alters with 
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Figure 3.7 
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Calculated apparent image size as a function of defocus. 
The size of the image is not a simple function of the size 


of the specimen particle. 
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Figure 3.9 (a), (b). Micrographs of a Pt/A1,0. catalyst showing 
the effect of defocus change on image contrast. 
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defocus; in each region particular sub-nanometer structure is apparent 
or highlighted in one micrograph, but not in the other. Similar 
effects are observable near regions “a", "b" and "c" in Figure 3.9 (b), 
for which the change in focus is 40 nm. 

The fact that it is not possible to decide from such micrographs 
whether this fine contrast arises from platinum particles or from the 
Substrate is discussed later. 

Measurements of apparent image size were made for a number of 
particles in each micrograph of a through focal series. The results 
are plotted in Figures 3.10, 3.11 and 3.12 for three separate fields 
of view, and it is evident that "window sizes" are smaller and relative 
fluctuations in apparent sizes greater, for the smaller contrast re- 
gions. These results confirm the qualitative predictions made on the 
basis of the phase contrast calculations (see Figures 3.5 and 3.6 and 
Table 3.1). 

These results make it quite clear that the number of particles 
which will be detected in a standard size analysis will depend upon 
the average defocus value of the micrograph as a whole, and on the 
particular defocus range existing within the micrograph. Identical 
small particles at different elevations in the specimen will have dif- 
ferent apparent sizes, or may not be detectable simultaneously. The 
observed variation in apparent size of up to 1 nm imposes an uncertain- 
ty on measured sizes which implies that for analysis of size distri- 
bution, division of sizes into classes which differ by less than 1 nm 
is not warranted. 

As aperture size is reduced, calculations indicate that the varia- 


tion in image intensity and apparent size decreases, but at the expense 


ne 


aig, : - a a 


; Faeraqgs 2¢ swiswwP2 tetanic due roto Aoi ps4. Mone | 
vettnte gate adda! Son toa 

Om; (a) 2.6 supra ak fa" band: Met 2 tay ‘eat 9 vei do 29164 
7 | ov OH At eS gmt 
} edges po aly fow2e mort sbi osb = Jon eta) sent ont 
ons mort Wy 2afarived menttely. mor? eReh 4s SeoMInOD see w 
18iel. vezeunelb a} 


to vedmin £ 107 aban vi9w Ssf2a speme nasties ‘2 iil: 


etiveey aAT .aetse2e [sont Anuow: 6th ‘tanga nis zs (: 
2dlfer? afsisdse sows yor SI. bas Tle sOPt& zsuph a td 
svitetoy bes yvyellome srs “2esi2 wobntw" Jedd Inshive ef JE bre ; 
“8% tzerino. sakieme odd 10} watesip esst2a Jnsisags Ae, + 
ont wo obew enoigorbarg avistsitiiup amy er es lias oesdt | 
bis G.E bes 2.£ 25 upt 7 992) 2toltaluoles nary a sca onic Oo 

, oe es 


eelotineg. 30 rednon gar todt saat asia ‘elon 2Jluady seont 
fhoqu boegsi Titw efeviahe sgi2 bysbiste Rant bstanieb ed: rw we 
aa3 no bre \sfoilw s 26 dgerps 7th ie ia ‘Sulet 2UaRt SD, 9) 
Feotoneb) sdgsnporxatmodt ntitiey anita. simnah ee yetwats4 
“Tis oven Tht wemiseqe ait wi. enokiavete nash te 36 ssiaina ae 
adT | yfeveanst tumie Bust ootsh $d tart vem #0. east, dharscgs 319 

| ibaa t@3 ne geeoiynr in \ OF au "10; gste' $nansyas fae rottattay b , 
i: “tatatb ashe to ateytons OT tens est tdmt Hoteiw atl aie ae “~ i 


‘7 ; a Lae Fit a eal wa ‘aonb tbo tlw eszento le caste pete no 


i 
~ = 
~~ 


3° ’ i 


asiibat, tis a wig 
sin ste 


APPARENT SIZE,nm 


1 2 3 4 5 6 7 8 9 10 | 
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Figure 3.10 Variation of measured particle size with defocus for 
three through focus series of micrographs of a Pt/Al40. 
catalyst. Zero values mean that the particle was 
not detected. 
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Variation of measured particle size with defocus for 
three through focus series of micrographs of a Pt/Al 504 
catalyst. Zero values mean that the particle was 


not detected. 


Figure 3.11 
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APPARENT SIZE, nm 


2 ao. 4 5 
DEFOCUS, in increments of 160 nm 


Figure 3.12 Variation of measured particle size with defocus for 
three through focus series of micrographs of a Pt/Al 
catalyst. Zero values mean that the particle was 


not detected. 
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This is shown in Table 3.2, where 
for the single atom case the maximum image contrast and apparent size 
are shown over a defocus range for varying apertures, and hence vary- 
ing values of crane For the Oat value of 0.005 radians, no contrast 
above 5%, light or dark is realized in this defocus range, while for 

a very small aperture giving an aay of 0.00125 radians, even 0.1% 
contrast is not achieved. As the aperture is decreased, the image 

Size increases, until for the smallest aperture, the atom, if detected, 
would appear to be greater than 2 nm in size. Thus variations in image 
appearance with defocus are reduced by smaller apertures, but at the 
cost of image intensity and size definition of the image. 

Through focal series of images were recorded of the same specimen 
area for apertures subtending angles of 0.01, 0.006, and 0.003 radians. 
The predicted loss of resolution was observed with some very small re- 
gions of dark contrast, clearly resolved in the image recorded with an 
Oris of 0.01, but being progressively washed out through lower contrast 
and increased size as the aperture size was reduced. 

It may be noted that if one is not concerned with detection of 
particles less than about 2 nm, the use of smaller apertures is pro- 
bably advantageous. The variation of intensity with defocus is re- 
duced for smaller apertures and the diffraction contrast of particles 


is greater, although we still observed some variation of apparent 


size with defocus. 


3.5.3 The Effect of Tilt on Contrast 
The sensitivity of the contrast of both metal microcrystallites 
and support particles to the orientation of the electron beam was in- 


vestigated using the high resolution tilting holder. Micrographs of 
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Table 3.2: Calculated Image Intensity and 
Apparent Size Over a Range of 


Defocus and Apertures 


aperture, um 40 32 16 8 4 
Grax? radians 0.0125 0.0100 0.0050 0.0025 0.00125 
a b 
per ocus aut Tax oe Tax cerry fer) ey ila 
-20 Vc039."0556 15051, 0.5601 017, 10:70 TOO wl. aan 0008 s52.0 
0 1053" 60250 12036 70.52 1007) (0c66 01200 ere le 0s te O00mun2 70 
20 1.037 0.40 1.035 0.40 0.996 0.86 0.999 1.46 1.000 2.0 
40 1.005. 0.14 1.023 (0.22 0.986 “0276-07999 [245° 1.000, = 9250 
60 0.950 0756 '0..943' 0:56 0.976 * 0575902998" i 45P 13000" © 1270 
80 078600243) 0.847 |.0.4505969 0.75 On997 melt. 45m] 1000 pi2.0 
100 0.868 0.46 0.867 0.48 0.964 0.76 0.997 1.45 1.000 2.0 
120. 0.954 0:80 0.993 0.740.961 0.78-0.996. 1.45 1000. *2.0 
140 1.105) 10526) F060 0.26 07962) °0.8070.995. 114591000) 2710 
160 1.014. 0.18 1.003: 0:12 0.965: (0.8600.995" 144 15000 2.0 
180 0.865 0.30 0.944 0.40 0.970 0.92 0.994 1.441.000 2.0 
200 0.049 0.20 0.972 1.20 0.977 1.04 0.994 1.45 1.000 2.0 


a ~ Calculated so that background intensity is 1.0 


b - in nm 
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a specimen being tilted differ not only in angle of orientation to the 
electron beam, but also differ slightly in the defocus condition. 
This latter occurs because during tilting the specimen shifts physi- 
cally in the object plane, and an exact restoration of the previous 
defocus value is impossible. However variations in regions of contrast 
greater than 2 to 3 nm can be attributed to orientation effects since 
phase contrast effects become minimal at these sizes. 

The micrographs in Figure 3.13 show identical specimen areas with 
a variation in tilt angle. In Figure 3.13 (a), a tilt change of 15° 
Significantly alters the appearance of the metal particles. The par- 
ticle in region "a" disappears in the right hand micrograph, while a 
third crystallite in region "c" is more clearly evident in the right 
hand micrograph. The two particles in region "b" appear as one in 
the right hand micrograph possibly due to superposition. The sensiti- 
vity of support contrast to orientation is evident to the right of 
region "c". Similarly, in Figure 3.13 (b) several contrast alterations 
are evident with a tilt change of 7°. The relative contrast of the 
two particles in region "a" changes, revealing the sensitivity of con- 
trast to orientation. A contrast region to the right of region "c" 
is not detected in the right hand micrograph. In regions "b" and "d", 
the background contrast is reduced substantially as a result of tilt; 
in region "b" this results in highlighting of a particle virtually ob- 
scured in the left hand photograph. 

The simultaneous variations in support and metal particle image 
contrast again raises questions about the reliability of single micro- 
graph particle size distribution analysis. The variation in orienta- 


tion leads to a change in apparent contrast of a particle. For larger 
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Figure 3.13 


(a), (b). Micrographs of a 
the effect of tilt on image 


Pt/Al,0, catalyst showing 
contrast. 
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particles, this contrast change would not be sufficient to prevent 
detection, but for smaller particles the orientation clearly can pre- 
vent their being included in a particle count. Since a typical sup- 
ported metal catalyst contains particles at all orientations, the 


danger of miscount is evident. 


3.5.4 Contrast Structure in the Support Material 


An additional concern in assessing the accuracy of particle size 
distribution analysis is the distinguishability of small crystallite 
images from the contrast inherent in the support. Typical support 
materials, such as alumina or silica, have a highly irregular structure 
leading to high surface areas. This irregularity is a desired feature 
for catalysts, allowing a large gas-solid interface and a high disper- 
sion of metal. Diffraction evidence from alumina support materials 
confirms a fine polycrystalline structure. 

The polycrystalline irregular structure leads to considerable con- 
trast variation in the micrograph of alumina itself. Such contrast 
structure is on a small (down to 0.5 nm) scale, and is particularly 
evident in regions of crystal overlap. 

Figure 3.14 demonstrates this effect. The left hand micrograph 
shows two regions of catalyst at different elevation. In the right 
hand micrograph, the grid has been tilted through 25° so that these 
regions now overlap. Considerable contrast structure is evident along 
the line of overlap which does not arise from the presence of metal 
crystallites detectable in the left hand micrograph. This contrast 
structure is indistinguishable in a standard micrograph from that which 


is generated by small crystallites. Examination of micrographs of pure 
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Figure 3.14 Micrographs of a Pt/A1,02 catalyst showing the effect of 


tilt on contrast. Note fine contrast structure along 
overlap region in the right hand micrograph. 


Pure Alon 


10 nm 


Figure 3.15 Micrograph of pure Al,0. ("Alon") specimen showing the 
contrast inherent in the support. 
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Alon, with no platinum added, show this fine contrast structure, again 
particularly in overlap and boundary regions; Figure 3.15 illustrates 
this. 

The inherent support contrast structure limits the lower size 
limit to which particle size analysis may be extended. Even where mi- 
Ccroscope resolution is better than 1 nm, distinction of metal particle 
from support contrast in this size range is virtually impossible in a 


Single bright field micrograph. 


3.6 Conclusions 
A number of conclusions concerning the determination of particle 
Size distribution of supported metal catalysts from electron micrographs 
emerge from the work reported in this chapter. 
lL For metal particles below 2 nm in diameter: 
a) Because of the phase contrast mechanism, detection is a 
sensitive function of the defocus and hence of the spatial ele- 
vation in the specimen. As metal clusters get smaller, the de- 
focus range over which they are detectable as a region of dark 
contrast decreases; 
b) Apparent size is a sensitive function of defocus, since the 
microscope "filters" certain spatial frequencies and thus dis- 
torts the images. Thus identical clusters will have apparent 
images which vary with their spatial elevation in the specimen, 
within a single field of view. Identical particles in separate 
micrographs could appear to have differing sizes because of dif- 
ferent settings of the objective focus. Further, variation in 


apparent particle size of up to 1 nm suggests this value as the 
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lowest meaningful division of diameters in a particle size dis- 

tribution; 

c) An inherent contrast is generated by the use of irregular 

polycrystalline supports. Particularly for metal particle images 

below 1 nm, distinction of particle images from background con- 
trast is virtually impossible within a single bright field micro- 
graph. 

2. For larger metal particles, identical crystallites can have mar- 
kedly different contrast due to different orientation to the elec- 
tron beam. | 

3. For all sizes of metal particle, the effects of overlap, and 
the orientation sensitivity of the contrast of the support mater- 
ial, can seriously affect size analysis. Certain combinations 
of particle/support orientation make the particle undetectable. 

It is evident that these conclusions are incompatible with the 
assumptions implicit in some applications of particle size distribution 
analysis of supported metal catalysts. Clear evidence of the detection 
of a crystallite of a given size does not imply that all crystallites 
of that size and larger are being detected, because of contrast window 
and orientation factors. Small image sizes cannot in general be direct- 
ly correlated to the particle size in the specimen, preventing compu- 
tation of a meaningful average size for catalysts containing small metal 
particles. Analysis of such catalysts is further complicated by the 
difficulty of distinguishing metal contrast from inherent support con- 
COS Ui. 

These conclusions draw into question the extension of particle 


size analysis into the sub-nm size range; they further imply that 
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analysis of micrographs cannot currently provide a definitive test of 


adsorption stoichiometries for small crystallites?*®, 


As a general 
rule we would argue that particle size distributions become increasing- 
ly unreliable as the size of particles counted extends below 2.5 nm. 
While micrographs can give evidence of smaller particles, detection 

and accurate identification of all particles of a size below 2.5 nm is 
extremely unlikely. 

It should be emphasized, however, that the present studies have 
been concerned only with the use of conventional high resolution trans- 
mission electron microscopes, using standard bright field imaging. 
There are a number of other imaging techniques which may prove more 
Suitable after similar detailed evaluation. The use of dark-field 
images, which have proved valuable for the detection of single heavy 


: BRCe 
atoms?" *!, and for relatively large supported metal particles m 


ay 
show promise for high resolution work. An even more promising possi- 


bility in the long term may well be the use of scanning transmission 


: S223 
instruments of the type developed by Crewe and his colleagues 


which permit a range of new contrast mechanisms to be applied. 
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CHAPTER 4 
THE TITRATION REACTION ON SUPPORTED Pt CATALYSTS 


4.1 Survey 


As discussed in Chapter 1, gas adsorption on metal surfaces has 
become a fairly standard technique for the determination of the dis- 
persion of supported metal catalysts. Conversion of a corrected 
volumetric gas uptake to a metal surface area or dispersion requires 
the assumption of a stoichiometry of adsorption. In light of the 
current controversy over an appropriate stoichiometry, detailed be- 
low, experiments were designed to explore the adsorption of oxygen 
and hydrogen, and their interaction on the surface of a supported Pt 
catalyst. The IR spectra and static system gas uptake results re- 
ported in this chapter were recorded by Dr. E. Kikuchi, and then com- 
bined with the flow system gas uptake results for interpretation. 

In their studies of low concentration supported Pt catalysts, Ben- 


son and Boudente a 


proposed that Ho titration of adsorbed 0. would in- 
crease the sensitivity of measurement. In interpreting their results 


they used the stoichiometry 


n oe 
Pte 0 + 2 Hae hoGt Pear Mine} 4.1 


with an n value of 3, but Mears and Hansford *© 


found n values closer 
to 4. Wilson and Hall’? proposed to resolve this discrepancy by 
postulating that n is 3 for large crystallites, but incomplete surface 
coverage by 05 on small crystallites leads to apparent n values of 4 


for highly dispersed catalysts. Dalla Betta and Boudart "7 similarly 
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found that small platinum clusters on Y zeolite took up less oxygen per 
surface atom than larger platinum crystals. Like Wilson and Hall, they 
attributed this phenomenon to the relative electron deficiency of small 


particles as compared to large ones. Basset et agen 


studied heats of 
adsorption and reaction for both the titration of oxygen, equation 4.1, 


and the titration of adsorbed hydrogen 


m 
Ptaapp H+ 5 Og 7H20 + Pt e0 m1) 4.2 


a 


Surf 


They also found an n value of 3 for large metal particles, and calcula- 
ted low heat of adsorption values (about 18 kcal/mole) for the capture 
by the support of the Ho0 generated during titration. | 

A preliminary survey of titration data in this laboratory showed 
considerable deviation from the simple stoichiometric picture present- 
ed by equations 4.1 and 4.2. Initial hydrogen uptakes generally ex- 
ceeded initial oxygen uptakes. By "initial" we mean the gas adsorbed 
on the "degassed" catalyst surface, as compared to that calculated as 
remaining on the surface after a titration step, which we refer to as 
secondary, tertiary, etc. uptakes. In addition, the secondary or ter- 
tiary uptakes of gases differed from the initial uptake of the same 
gas on a "degassed" surface. We frequently observed that 


Hey 4.3 
and On < O% 4.4 
where Ha and On are the uptakes of hydrogen and oxygen after titration, 
corrected for the amount of gas consumed to form water, and Hy and On 
are initial gas uptakes. Thus titration seems to enhance the adsorp- 


tion of hydrogen and to retard the adsorption of oxygen on Pt-on-alumina 
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catalysts. 

In this chapter the deviations from a simple constant stoichiometry 
are documented by static and flow system gas uptake data. The data of 
other authors are also summarized. Three possible explanations of the 
deviations are discussed: a modification of the surface area, as pro- 


008 the formation of more than one 


posed by Darensbourg and Eischens 
type of adsorbed oxygen species, and a promotion/retardation effect 
stemming from the water generated during the titration. IR spectro- 
scopy was used to examine the nature of the surface oxygen species dur- 
ing adsorption and titration. 

Infrared spectroscopy has been applied extensively to study adsorb- 
ed species on catalysts. Heyne and Tompkins? */ have recorded IR spectra 
of CO adsorbed on silica-supported Pt pretreated with oxygen at 300°C. 
They observed two different kinds of CO adsorbed on platinum sites: 
one on platinum metal (2080 ema) the other on Siataan ion (2120 em™!), 
They also found that oxygen adsorbed on platinum metal could be removed 
by carbon monoxide (as carbon dioxide), while that on platinum ion 
could not. Primet et aieabe concluded from their IR study that a part 
of the surface platinum adsorbs both oxygen and carbon monoxide on the 
same site, and gives an IR absorption band of C=0 stretching shifted 
to 2120 cm”), They showed that such species Pte could be obtained 
even at room temperature by repeated (0,-CO) treatment. 

These investigations with IR spectroscopy indicate that the ad- 
sorption of oxygen on Pt is not simple: namely there are at least two 
different kinds of adsorbed species of oxygen. In this work, volu- 


metric uptake data has been supplemented by an IR study of the nature 


of the surface oxygen species after repeated 0,-CO and 05-H, treatments, 
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and after 0, adsorption at temperatures from 25°C to 500°C. 


4.2 Experimental Results 


Table 4.1 shows the details of the catalysts used in this work. 
For both the static and flow system, gas uptakes were measured at room 


temperatures except as noted in the text. 


4.2.1 Isotherms and Isobars of Oxygen and Hydrogen 


Figure 4.1 illustrates typical isotherms of oxygen uptake obtained 
with the static system at temperatures from 25°C to 500°C for catalyst 
I. The adsorption isotherm was extrapolated to zero pressure to obtain 
the adsorbed amount of oxygen on platinum. 

Figure 4.2 shows oxygen and hydrogen uptakes as a function of tem- 
perature measured in the static system for catalysts E and I, and in 
the flow system for catalyst A. Hydrogen uptakes were remeasured at 
room temperature after reducing the sample used for the measurement 
of each static oxygen adsorption isotherm (Table 4.2). For catalyst I, 
reduction at 500°C was enough to restore the original hydrogen uptake 
value. On catalyst E, however, subsequent hydrogen uptakes were found 
to be depressed by 24.4% and 35.4% after oxygen adsorption measurements 
at 400°C and 500°C, respectively. Assuming that these decreases in 
hydrogen uptake resulted from a decrease in metal surface area, oxygen 
uptakes at these temperatures were corrected and the corrected values 
are shown in Figure 4.2 by the dotted line. 

Oxygen uptakes were found to increase with increasing uptake tem- 
perature, while hydrogen uptakes decreased. In the room temperature 
region hydrogen uptake is higher than oxygen uptake for both catalysts 


A and E, as measured by both systems. 
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Table 4.1: Description of Catalysts 


Pt Content 
Catalyst (wt%) Type of Support 
A O25 Engelhard (Lot #18-381) 
B 0.5 (1) 
¢ On 5 (2) 
D OES (3) 
E 4.76 Alon (4) 
F 2.46 Alon 
G 0.10 Alon 
H 1.00 Alon 
I 2.03 Alon 
J 1.61 Kaiser 201 alumina 
K 2303 Kaiser 201 alumina 


(1) same as catalyst A except sintered for 16 hours in 05 at 450°C 
(2) same as catalyst A except sintered for 16 hours in 05 at 600°C 
(3) same as catalyst A except sintered for 16 hours in 0. at. 700°€ 


(4) Registered trademark of Cabot Corp. 
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Figure 4.1 Oxygen isotherms for a 2.03% Pt on Alon catalyst 
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Figure 4.2 Oxygen and hydrogen isobars for three different Pt/A1,0. 
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Table 4.2: 05 Adsorption Uptakes as a Function of Temperature 


and Room Temperature Ho Titration and Adsorption Uptakes 


Temp°C 


Uptake 


(atoms/atom) (atoms/atom) 


0.31 
0.36 
0.42 
0.49 
0.63 


Room temperature 
Catalyst Oxygen adsorption hydrogen titration 


Uptake 


Veog 
1.49 
109 
Wieve 
1.62 
0.96 


Ore 


HT/OA 


Subsequent room 
temperature 
hydrogen adsorp- 
tion uptakes 
(atoms/atom) 
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4.2.2 Hydrogen Titration of Oxygen Adsorbed at Elevated Temperatures 


Experiments were designed to test the reactivity of oxygen ad- 
sorbed at various temperatures with gaseous hydrogen. Oxygen was added 
at 100 torr to catalysts E and I at temperatures from 25°C to 500°C, 
following which the catalyst was evacuated for one-half hour and cool- 
ed to room temperature. Hydrogen titration uptakes were then measured. 
Oxygen and hydrogen titer uptakes are shown in Table 4.2. 

These data suggest that oxygen adsorbed at higher temperatures is 
less reducible by hydrogen at room temperature than the oxygen adsorb- 
ed at 25°C. Oxygen adsorbed at elevated temperatures may form a new 
type of surface species or may oxidize metal below the surface layer. 


This phenomenon was further studied by IR spectroscopy. 


4.2.3 IR Spectra of CO Adsorbed on Pt with 0. Preadsorbed at Various 
Temperatures 


IR transparent discs of catalyst I were contacted with 05 at tem- 
peratures from 25 to 500°C in the in sttu IR cell. Following 05 ad- 
sorption (100 torr 0, pressure) the sample was cooled to room tempera- 
ture, the cell was evacuated and the catalyst was contacted with CO, 
at 100 torr, for two hours. IR spectra, following these treatments, 
showed absorption bands with maxima near 2120, 2060-80, 1800, 1640, 
1480 and, 3600 cm”. The last four bands correspond to those observed 
by Parkyns’*!! when C0. was adsorbed on alumina. Ejischens and Pliskin 
4.12 in their study of CO adsorption on supported Pt, observed bands 
at 2060-80 and 1800 sae which they attributed to the linear and 
bridged forms of adsorbed CO. Heyne and Tompkins **/ and Primet et al. 
ee observed a band at 2120 cm | when CO was contacted with a catalyst 


which had previously been exposed to oxygen. Their interpretation as 
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to the nature of the bond responsible for this band differs; the form- 
er workers attribute it to CO adsorbed on Pt ions while the latter 
assign it to CO adsorbed on a Pt atom which also has an adsorbed oxy- 
gen atom. 

In our work the bands at 1480, 1640 and 3600 em™!, and part of 
the band at 1800 em”! are probably due to the interaction of C055 
formed by the oxidation of CO with adsorbed 055 with the alumina sup- 
port. CQ adsorbed on Pt, probably in the bridged structure, also con- 
tributes to the band at 1800 cm” | since it is present when CO is ad- 
sorbed on a freshly reduced sample. When oxygen was introduced at 
room temperature to a freshly reduced sample onto which CO has been 


] ] 


and near 1800 cm de- 


creased in intensity, and a new band developed at 2120 cm7 |, 


adsorbed, the absorption bands at 2060-80 cm 
This 
new band is the one also observed by Heyne and Tompkins? :/ and Primet 
et uae. The intensity of the 2060-80 cm! band initially decreased 
rapidly, but it did not disappear completely over a period of several 
hours unless the catalyst was heated to 100°C. Heyne and Tompkins’ */ 
reported that this band rapidly disappeared completely at room tem- 
perature. This difference is possibly due to the different support, 
as postulated by Eischens and Pliskin=*/*, or it may be caused by dif- 
ferences in Pt crystallite sizes. 

The band at 2120 cm~! was also observed when CO was introduced 
to the catalyst which had preadsorbed oxygen at elevated temperatures. 
This is illustrated in Figure 4.3. The intensity of this band in- 
creased with increasing temperature of oxygen adsorption up to 400°C, 
then decreased when 0, was preadsorbed at 500°C. The 2060-80 cm”! 


band, however, continually decreased with increasing oxygen adsorption 
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temperature. These results suggest that oxygen is taken up by sup- 
ported platinum on at least two different sites. One site which 


gives the 2060-80 cm7! 


band when CO is admitted, is generally asso- 
ciated with adsorption of oxygen on a platinum atom. This species 

Of oxygen is readily removed by CO in a reaction to form CO. > and the 
band thus arises from CO adsorbed on the "clean" site. The second 


| band 


site for adsorbed oxygen, which gives rise to the 2120 cm 
when CO is introduced, has been associated with platinum ion, or a 
platinum atom which simultaneously adsorbs CO and oxygen. This se- 
cond species of oxygen is thus less reactive with CO, and is formed 
more extensively as the temperature of oxygen adsorption increases 

up to 400°C. For convenience we refer to this second species of ad- 
sorbed oxygen as Type II oxygen, and to the previously described site 
as Type I. However, it should be emphasized that the exact charac- 
ter of the sites is not definitively established. 

The 2120 cm” Type II band decreases when the sample is treated 
with hydrogen at room temperature and is recontacted with CO. At 
the same time the 2060-80 emt Type I band increases, suggesting that 
hydrogen is capable of reducing some Type II sites to metallic plati- 
num which subsequently adsorbs CO. However, the higher the tempera- 
ture of oxygen preadsorption, the less reducible the Type II oxygen 
becomes. 

A series of experiments was designed to further investigate the 
nature of the two oxygen sites. Oxygen was adsorbed on two freshly 
reduced samples of catalyst I, at room temperature for one sample and 
400°C for the other. Subsequently both samples were evacuated at 


400°C for 16 hours. The sample that had 0, adsorbed at room temperature 
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did not show any further 05 uptake when oxygen was readmitted at room 
temperature. However, the other sample took up 21.5% of the original 
05 uptake when oxygen was readmitted at 400°C. These results suggest 
that oxygen may be more easily removed from Type II sites, formed at 
400°C, than from Type I sites, which predominate in 0, adsorption at 
25°C. The removal could be either desorption or migration into the 
metal to form a bulk oxide. 

In other experiments CO spectra were recorded of two samples of 
catalyst I after adsorption of 0, at 400°C, one after one-half hour 
evacuation, and the other after a 16 hour evacuation. The spectra, 
Shown in Figure 4.4, again indicate a sizeable decline in Type II 
Sites, but almost no change in Type I sites. Similarly, a spectrum 
recorded after 05 adsorption at room temperature followed by 16 hour 


evacuation at 400°C shows only a slight decrease in the 2075 cm! 


peak from the Type I site, and no evidence of a peak at 2120 cm), 
These results not only suggest that oxygen is removable from 
Type II sites far more readily than from Type I sites, but also indi- 
cate that Type II species are not formed from adsorbed Type I species. 
Heating in vacuum a sample on which 05 had been adsorbed at room tem- 
peratures to temperatures (400°C) where Type II sites are formed does 
not generate Type II oxygen. Thus Type II sites may be formed only 


by contact with gaseous oxygen or, as will be subsequently shown, dur- 


ing cyclic treatment at room temperature with CO and 05. 


4.2.4 Gas Uptakes in Titration Sequences 


Table 4.3 shows the results from a number of titration sequences 


in both directions (2.e. 0,-H,-0, and Hy-O5-Ho) « While the trend is 
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05 preadsorbed at 400°C 
a) evacuated one-half hour b) evacuated 16 hours. 
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not universal, it is evident that secondary and tertiary hydrogen 
uptakes (H2' and H3') are generally higher than the initial hydrogen 
uptake, while secondary and tertiary oxygen uptakes (02' and 03') are 
generally less than or equal to the initial oxygen uptake. (See | 
Table 4.3 for nomenclature.) A survey of other reported titration 


Ais eas tees 4.134. 4.14 


Showed that only Wilson and Hall report 
instances where secondary hydrogen uptake is substantially lower than 
the initial hydrogen uptake. 

Figure 4.5 shows a plot of the post-titration hydrogen enhance- 
ment (H2'/H1 or H3'/H1) as a function of the hydrogen uptake to oxy- 
gen uptake (H1/01) ratio. This plot includes the data of Wilson and 


4.3, 4.13 4.5 


Hal] and Basset et al. as well as our own. The data of 


4.04 was excluded because oxygen uptake was measured at a dif- 


Gruber 
ferent temperature (350°C) than the hydrogen uptake, and samples were 
evacuated at 500°C between titrations. 

Two interesting observations emerge from inspection of Figure 
4.5. First, all of the points from these experiments which show a 
hydrogen enhancement factor less than unity were recorded at 0°C or 
were. sintered in 0, before measurement. For all room temperature 
measurements of non-sintered specimens, secondary and tertiary hydro- 
gen adsorption is higher than the initial hydrogen uptakes. One ti- 
tration sequence (Run 83) was run in a methanol ice bath (-98°C). 
The tertiary hydrogen adsorption is only 10% of the initial uptake, 
which we postulate arises from the fact that generated HA0 freezes 
and blocks access to the metal surface. The 0°C points similarly may 


experience some surface blockage, leading to lower enhancement ratios 


than occur in titrations at room temperature or higher. 
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Second, Wilson and Hall's data reveals cases where low enhance- 
ment factors are observed. All of these points occur where the ini- 
tial hydrogen uptake is less than about 1.3 times the initial oxygen 
uptake. Finally, a check of Wilson and Hall's pretreatment conditions 
indicates that all their points showing enhancement ratios less than 
unity had been exposed to air or hydrogen at temperatures of 545°C 
or higher, with most treated at temperatures greater than 600°C. Thus 
from Figure 4.5 the trend is evident that catalysts which have initial 
hydrogen uptakes greater than about 1.3 times the initial oxygen up- 
takes tend to show enhancement of hydrogen adsorption after one or 
two titrations, particularly at room temperatures and higher. 

Figure 4.6 shows a plot of the ratio of initial hydrogen uptake 
to initial oxygen uptake (H1/01) versus the catalyst dispersion as 
measured by hydrogen uptake (H1). Again, the data of Wilson and Hall 
OCR and Basset et Pag are included. While considerable scat- 
ter is evident in the data, a trend to a higher H/0O ratio with increas- 
ing dispersion (smaller particle size) is evident. Thus, as Wilson 
and Hall suggest, chemisorption data supports a variable stoichiometry, 


with hydrogen and oxygen uptakes being about the same only on larger 


platinum crystallites. 


4.2.5 Long Titration Sequence 

One experiment (Run 75) on catalyst J was extended for a total 
oh eee (0,-H,) titration sequences. Figure 4.7 shows the resulting 
uptakes of titered oxygen and hydrogen, as well as the ratio of hydro- 
gen uptake to oxygen uptake for each step. The final HT/OT ratio 


does not approach 2.0 as predicted by stoichiometric considerations, 
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Figure 4.6 Variation of initial uptake ratio (H1/01) with catalyst 
dispersion as measured by hydrogen uptake (H1). 
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Figure 4.7 Long term titration: plot of 
a) oxygen titer uptake b) hydrogen titer uptake, and 
c) the ratio HT/OT for each titration cycle. 
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but rather is asymptotic to about 2.02. This 1% factor could well 
arise from the failure of the flow system to detect a small portion 
of the hydrogen which is reversibly adsorbed and "bleeds" off. How- 
ever, it is evident that hydrogen adsorption enhancement continues 
through the first 8 titration sequences, and thus this effect is not 


restricted only to the first titrations. 


4.2.6 IR Spectra of CO Adsorbed on Pt After Repeated Sequences of 


(0,-CO) and (0,-H.) Treatments 


a)  (0,-CO) cycles 

Oxygen (100 torr) and carbon monoxide (100 torr) were cyclically 
introduced, at room temperature with evacuation for one-half hour be- 
tween cycles, to catalyst I, and IR spectra were recorded after each 
addition. Figure 4.8 shows some of the recorded spectra. 

After the second CO adsorption the 2070-75 cm! band reached a 
maximum, and subsequent (0,-C0) sequences caused this band to decrease 
in intensity. On the other hand, the 2120 cm”! band increased with 
cyclic treatment. Thus repeated (CO-0,) treatments generate increas- 
ing amounts of Type II surface adsorbed oxygen, which is not reduced 
by the next CO titer. 

When freshly reduced catalyst I was contacted for 17 hours with 
oxygen at room temperature, subsequent CO treatment did not generate 
the 2120 cm Type II oxygen band. Thus it is the cyclic treatment 
with CO which promotes the formation of the Type II site, rather than 
the time of contacting with 05. When hydrogen was introduced at room 


-] 
temperature to a cyclically treated catalyst, the 2120 cm band de- 


i] : 
creased but was not totally reduced. The 2070-75 cm band shifted 
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to lower frequency (4¥ =20 em ly 
b) (0,-H,) cycles 

In these experiments fresh catalyst was contacted with oxygen, 
then hydrogen, and then CO was introduced to the cell and the spectra 
recorded. Typical results are shown in Figure 4.9. As found by 
Darensbourg and Fischens’ °°, the 2070-75 cm! band is enhanced by ft 
sequent treatments. In addition, we observed the band to shift to 


eivelsrem )h' Thik sifted avatmosherdentt ca A teRenee chia 


4.8 


2060 cm 
observed by Primet et al. when water was added to their CO ad- 
sorption system. We thus tentatively ascribe the shift to a modifi- 
cation of adsorbed CO electronic properties arising from the H0 
generated during titration. 


1 


Evidence of H-0-H bending, in the 1630 cm band shown in Figure 


4.9, further demonstrates the presence of water. Also, absorption in 


| region, due to alumina OH groups, increased with 


the 3500-3800 cm 
increasing number of 05-H, cycles, indicating that some of the gener- 
ated H0 was being taken up by the alumina. 

The 1835 cm”! band was enhanced by repeated 5-H, cycles, as shown 
in Figure 4.9. This was not observed in the cyclic .0,-C9 treatment. 
The most outstanding difference, however, between the two treatments 


is that the 2120 cnt. band, attributed to Type II oxygen, was not de- 


tected in the cyclic (0,-H,) treatment, even after six cycles. 


4.3 The Origin of the Enhancement Effect 


Enhancement of hydrogen uptake following titration is demonstrat- 
ed by the results in Table 4.3 and Figure 4.5. It may be argued that 


this apparent increase is due to incomplete Ho desorption during the 
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Figure 4.9 The effect of (0,-H.) cyclic treatment: 
a) CO adsorption on the reduced catalyst b) after Ist 
cycle c) after 5th cycle. 
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relatively short degassing periods after reduction (1 to 2 hours at 
500°C). However, an absolute measure of enhancement or retardation, 
independent of initial surface hydrogen coverage, can be calculated, 


as shown in equations 4.5 to 4.10. 


ne u 02 H3 

Zur 30's 0, on Ho 
Pt-H——=> Pt-H, = 45 pt-o, > PtH, ne 

= HA0 +b H50 

01 

Pt-H wale S Ho 3 05 
x Bo Rar at ai? ferRtct saan ten 20 ABeaDe 4.6 
x e 
eal omge ty Npu 


where 'x' is the number of Ho atoms remaining on the platinum per 
platinum atomeatter evacuation, and ‘a", *b”, “cs, 9d. seus anda. 
are the number of hydrogen or oxygen atoms adsorbed per platinum 
atom at various stages in the titration sequences. (All stoichio- 
metric coefficients in these equations are expressed in terms of total 
metal atoms, hence they are not an absolute surface stoichiometry. ) 
The absolute enhancement in H, adsorption is given by (c-a) and (e-a). 
According to Equation 4.5 
(c-a) = H3 - 2(02) 4.7 

and from Equations 4.5 and 4.6 

(e-a) = H2 - 2(01) - HI 4.8 


Similarly, the retardation of 0, adsorption is given by 


and 
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The values of (c-a), (e-a), (d-f) and (d-b) obtained from our data 
are tabulated in Table 4.4. The results indicate a general enhancement 
of Ho uptakes during titration and a retardation of 5 uptakes. Thus 
the variation in adsorption stoichiometry which we observed during titra- 
tion is not attributable to insufficient degassing. 


Darensbourg and Fischens °° 


noted Ho enhancement in their IR studies 
of supported Pt catalysts, and attribute it to an increase in metal sur- 
face area arising from the room temperature reduction of the adsorbed 
oxygen. In examining our results, we have considered this hypothesis 

and others: the creation of different species of surface oxygen, as 
occurs during repeated (CO-0,) treatments, and an influence from the 
water generated during titration. 

The primary difficulty with an interpretation of increased surface 
area following titration is that it fails to explain the retardation or 
lack of enhancement of oxygen uptake noted during titration. In some 
cases the reduction in 0, uptake exceeded 35% on the second titer (03') 
and 30% on the first titer (02'). It is difficult to conceive of an 
alternate increase in surface area during a hydrogen titration, followed 
by a decrease in surface during an oxygen titer. For this reason we 
conclude that a simple physical size explanation for hydrogen enhance- 
ment is not satisfactory. 


It is evident from the IR results that the two CO bands may be 


correlated with two different oxygen adsorption sites. The Type II 


site associated with the 2120 cm” band appears after high temperature 


adsorption of oxygen, but is also generated during room temperature re- 
peated (0,-CO) treatment. Once formed, this Type II site is not totally 


reducible by hydrogen at room temperature. (Total reduction is observed 
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Table 4.4: Hydrogen Enhancement and Oxygen 


Retardation During Titration 


He enhancement 0, retardation 
Run Temperature H atoms / Pt atom O atoms / Pt atom 
(c-a) (e-a) (d-f) (d-b) 
--- Rol. 0.26 0.04 0.07 0.10 
--- Rarlse Or 0.04 0.13 0.10 
--- Rel 0.26 0.06 05 0.10 
83 -98°C -0.34 
56 & 57 OFC 0.03 0.005 
58 & 59 Orc 0.02 0.001 
86 toy C 0.04 
87 +206°C 0.02 
60 & 61 0°c -0.02 0.02 
62 & 63 O26 -0.06 0.02 
64 & 65 OG -0.01 0.01 
79 & 80 Ret 0.06 0.02 0.04 0.03 
81 & 82 Ree 0.03 0.07 -0.002 -0.02 
104 & 105 Raabe. 0.09 
106 Rel 0.005 
90 & 90a Ree 0.10 0.16 -0.09 -0.14 
77 Rohe 0.05 
(07 | OFC -0.04 
74 & 74a Ral. 0.02 0.01 0.01 
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at 150°C). However, the Type II sites decrease substantially during 
high temperature evacuation, while Type I sites do not. 

Given these results for (0.,-C0) treatment, we speculated that cy- 
clical (0,-H,) treatment at room temperature might similarly generate 
the second type of oxygen site. If these sites could still adsorb 
hydrogen, then enhanced hydrogen and retarded oxygen uptakes could be 
explained. However, CO adsorption after repeated (0.-H,) treatments 


band. We therefore do conclude that 


gave no evidence of the 2120 cm 
Type II sites are not generated during titration sequences. This does 
not, of course, imply that other surface complexes may not be formed 
which account for the Ho enhancement/0, retardation effect. 

Another factor to be considered in titration anomalies is the 
effect of the water generated. The results presented in Tables 4.3 
and 4.4 indicate that at temperatures of 0°C and below both Ho and 05 
adsorption may be retarded. This may be due to incomplete reaction 
during titration and/or blockage of the Pt surface by HA0. At room 
temperature and above Ho adsorption is enhanced and 05 adsorption is 
retarded. This may be caused by an alteration of the Al,03/Pt inter- 
action due to the H0/A1504 interaction in the vicinity of Pt crystal- 
lites. From IR evidence we concluded that some of the water is taken 
up by the support. However, the water affects C0 adsorbed on Pt suf- 
ficiently to generate a shift in the 2075 cm”! band, also observed by 
Primet et deed: Be This indicates a change in the electronic properties 
of the platinum. 

The changes in Hy and 05 adsorption uptakes are much more marked 
for the static results than for the dynamic ones. The presence of the 


carrier gas in the dynamic measurements may facilitate the movement of 


pniwud viTetsnadatie  Seseyae sac saglik 


jon ob zatte T 4qy? afte gi 

<¥o +69 sida SW od BIN as n yor et fuesr al 
QTBer1aneD ulaebtmte Srpta Srvwd ees mad ! : ‘te sHenteatd | 
dyoebs [ftt2 bfuob"estte seated TI] athe nano to edi | 

ed bfuds evisdqu nepixe Babyston bas nspoabud basnerigs 
2insncinoit (H-<0) badnmasy 19336 Piper 0) .vavawoH 
jead sbul dros, ob a otensntt ow -brisd’ | Wy OS'S eft te ive 
2g0h 2tal .2s2naups2 nofdsrdt? ontapb im este 
bam? sd ton vem zoxelqmos sostwe Weed Send ylgmt 5 
s2stts rofiabysis gO \o names tls gh ad 10 

oft et zot{anone notiersti ab bovebheles sa of 105 257 

C.f eoldsT nr besns2e1q ed fpesy SHT Jbateronse sata on 1/38 
59 das oH ijod wolsd bas 0°O to eayutsragmed 36 tad? asectont: Ab 
hottossy stalqnosn? of sub ad em 2haT bebissey 9d am 
moor 2A gl vd sostuue 29 sit to spaaaotd: yo\ bn 

at nottqroebs .0 bas beamering: 2 ne gH oveds bre 
“yesnt +9\ 2% JA sd3 to notterwsls me yd Malis Eys) ean eta st 
~feteyi 79 to vitafotv’ od wet nohstosratat 20. SA\OoH od? of 38 
notes 2f “stew Stt to smoz tadt behulones Sw sonsbive Al moy7 +hh 
“tue J4 no. bedtoebs 0) 2329716 ietew sd) .WeveMOH .dxogque’ lt di. 
4d bavugsedo oals band | “mo eOS sat nk ote 6: stavenep ot amt 
esttvaqor otnoyvtosts sit nt opasdo 5 eatsothnt ett Bf. So: dnt 
-runt2stg.adt Yo a 

bervsm svom Mout a6 2eX6tqu norsqroehs # bets git nF 2sensig ont rie 
ont Fo sans20"9 aT ,29n0 otnjanyh Sat Or nedd edfvesy attete eft Not | 
to tnomevon sit ssertftse? yom 2tnompyuansh Stmanyb odd wt aap retyi69 7 


‘ : 


ou wa 


- 


wit 


is 


5 
i; << 


io 


83 


water from the Pt surfaces to areas of the support sufficiently re- 
moved from the Pt crystallites so as to reduce the effect of water on 
Subsequent adsorptions. 

It is impossible to duplicate post-titration wetting conditions 
by addition of Ho0 to a fresh catalyst, because during titration water 
is generated only at the platinum crystallite locations. However, one 
experiment (Runs 104 and 105) was made on catalyst F in which a 3.1 g 
catalyst charge was wetted by one-half cc of degassed distilled Ho0. 
While this major dose of water caused both initial hydrogen and intial 
oxygen uptakes to decrease, the oxygen decrease (37%) was greater than 
the hydrogen decrease (20%). Thus for the wetted catalyst, the H1/01 
ratio was 1.90, compared to 1.53 for the dry sample, again indicating 
that wetting more greatly retarded oxygen uptake. While this single 
result is by no means conclusive, it suggests that investigation of 
the effect of wetting on gas uptakes warrants further investigation. 

It is easy to postulate an influence of crystallite size on the 
Pifect™ on H,0 on gas uptakes. Primet et ated attributed the shift 
of the 2075 cma band in CO adsorption on a wetted catalyst to the 
electronic donation from the water to the platinum crystallite. Both 


4.3 and Boudart and Dalla Betta’”" have cited the rela- 


Wilson and Hall 
tive electron deficiency of small platinum crystallites in explaining 
oxygen uptake differences among catalysts of varying dispersion. If 
the water does act as an electron donor, it could affect the smaller 
crystallites more significantly than the larger ones. Thus the mechan- 
ism of uptake enhancement/retardation may be electronic, rather than 


physical blocking of the surface sites as cited for the -98°C results. 


The other interesting point to emerge from this study is a 
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dependence of the relative uptakes of hydrogen and oxygen, as measured 


4.3 first noted 


4.1 


by the ratio H1/01, on the dispersion. Wilson and Hall 
this in accounting for the discrepancy between Benson and Boudart's 
and Mears and Hansford's?*¢ titration stoichiometries. In Figure 4.5, 
it is evident that Wilson and Hall's data predict the start of a devia- 
tion between hydrogen and oxygen uptakes as the dispersion measured by 
Ho adsorption exceeds about 0.3. Our data and that of Basset et ae? 
indicate that hydrogen and oxygen uptakes differ over the entire disper- 
sion range. This discrepancy may well be attributable to Wilson and 
Hall's generally more severe pretreatment conditions. 

Wilson and Hall used particle size distribution analysis of elec- 
tron micrographs to attribute the deviation of hydrogen and oxygen up- 


takes in small particles to Pt,0 stoichiometry on small platinum 


surf 
ratio of 
4.4 


particles. They argued that evidence points to an H/Pt out 
unity regardless of metal particle size. Dalla Betta and Boudart 
also conclude that oxygen uptake on small particles is less than 1] oxy- 
gen per surface metal atom, based on calculations of the size of par- 
ticles in the cages in a Y zeolite. In our experiments we did not 
attempt to independently determine hydrogen and oxygen adsorption stoi- 
chiometries through separate measurement of crystallite size. Rather, 


we only note the influence of dispersion, and hence particle size, on 


the relative uptakes of the two gases. 


4.4 Conclusions 


Titration of adsorbed hydrogen and oxygen on supported platinum 
catalyst generally results in enhanced post-titration adsorbed hydro- 


gen values, and reduced post-titration adsorbed oxygen values. The 
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enhancement occurs over a variety of catalyst loadings and tempera- 
tures, and is correlated with the ratio of initial hydrogen and Oxy- 
gen uptakes, decreasing as H1/01 approaches unity. 

Explanation of the enhancement through modified surface areas, 
according to Darensbourg and Fischens'*°, does not satisfactorily ac- 
count for a reduced oxygen uptake. Explanation through the formation 
of Type II oxygen sites, as occurs in the (0,-CO) reaction is also un- 
satisfactory since there is no evidence of Type II sites in 05-H, ti- 
tration sequences. The addition of H,0 to catalysts appears to retard 
subsequent oxygen uptake more than hydrogen uptake. More experimenta- 
tion is necessary to confirm whether. the water generated during titra- 
tion is the key factor in enhancement. 

Type II sites associated with the 2120 cm™! band are formed during 
05 adsorption at elevated temperatures, and during repeated (0,,-C0) 
treatments at room temperature. They are not formed by room tempera- 
ture 0, adsorption or by repeated (H,-9.) treatments. Once formed, 
the sites are not completely reducible by hydrogen at room temperature 
but do disappear in Ho at 150°C. The sites are not formed from Type I 
adsorbed oxygen, even after in vacuo heating of Type I adsorbed oxygen. 

The ratio of initial hydrogen uptake to initial oxygen uptake on 
supported platinum catalysts depends upon the dispersion of the cata- 
lyst. Relative to oxygen, hydrogen uptake increases with the metal 


dispersion. 


4.5 References 
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CHAPTER 5 
A MODEL OF SUPPORTED METAL CATALYST SINTERING 


9.1 Survey 

The overall process resulting in a change in metal dispersion of 
Supported metal catalysts during use or treatment at elevated tempera- 
tures is called sintering. Since, in general, sintering results in a 
loss of catalytic activity, an understanding of the processes occurring 
during sintering is of importance in the design of catalysts with im- 
proved stability. Unfortunately, there is insufficient direct evidence 
to establish the mechanism of supported metal catalyst sintering. 


9-1, 9.2 have carried out a detailed 


Ruckenstein and Pulvermacher 
analysis of the sintering process by means of a model which envisages 
the sintering process as a migration of metal particles over the sup- 
port surface, followed by the fusion of metal crystallites upon col- 
lision. Their results showed that the rate of metal surface area 
change is given by an equation of the form 

® = - Ks" 5.1 
where the value of n varies between 2 and 8, depending on whether the 
rate of fusion (particle sintering) or the rate of surface diffusion 
of metal crystallites is rate controlling. Recently, Wynblatt and Gjo- 
stein’? in their sintering studies of supported Pt found the value of 
n to be =13. They proposed an equation, based on the concept of a 
nucleation barrier, to explain this large value of n. In their formu- 


lation, the resulting equation being somewhat similar to that of 
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Somorjai-’“, the constant K in equation 5.1 decreases exponentially 
with increasing average particle radius, r, z.e. 

K = B exp(-Ar/RT) See 
Wynblatt and Gjostein did not compare the predictions with experiment, 
but planned to pursue this in the future. 


The model of Ruckenstein and Pulvermacher?*!? >*4 


,» besides being 

unable to account for the above mentioned large value of n, encounters 

other difficulties in being unable to explain some of the experimental 

observations made during sintering studies. These include: 

1. Under certain conditions, generally in an oxidizing atmosphere, 
metal dispersion increases during high temperature treatment2:272°8, 
A simple crystallite diffusion model of sintering process cannot 
account for increases in metal surface area, although Ruckenstein 
and Pulvermacher propose to discuss crystallite separation in a 
future work. 

2. The high activation energies observed for the sintering process, 
up to 70 kcal/gmole for Pt on Aleem? are difficult to account 
for on the basis of the fusion of two adjacent metal crystallites. 
(Ruckenstein and Pulvermacher do not quantitatively discuss the 
activation energies of crystallite surface diffusion and particle 
sintering.) 

3. The continued growth of metal particles to the extent that the 
metal particle size is of the order of the support particle size 
is difficult to explain on the basis of metal crystallite migra- 
tion. Figure 5.1 illustrates this from electron micrographs of 
catalyst treated in this laboratory. The specimen is an impreg- 


nated 4.76% Pt on Alon alumina catalyst. The support consists 
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Figure 5.1: Electron micrographs of 4.76% Pt on Alon alumina after 
various pretreatments, showing formation of large Pt 
crystallites. 
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of 10 to 30 nm discrete alumina particles which agglomerate 
upon wetting. The various micrographs show platinum particle 
Sizes after impregnation, after reduction in hydrogen in mild 
conditions (250°C), and after 16 hr treatment in an 05 atmosphere 
with temperatures ranging from 500 to 700°C. 

It is evident that the platinum continues to grow in size 
on the Alon support even when it reaches 30 nm particle sizes, 
exceeding the average size of the particles in the support. The 
occurrence of this growth by crystallite transport over long dis- 
tances of the irregular support, by diffusion from one Alon par- 
ticle to the next, seems highly unlikely. A transfer of atomic 
or molecular metal species, either across the bridge where the 
Support particles contact or through desorption, vapor phase trans- 
port, and readsorption, seems a far more plausible hypothesis for 
the formation of these large particles. 
Despite the frequent citing of crystallite migration as a sinter- 
ing siachatigia (rasa! : 5.2, 5.10, 5.11 lA ye there is little 
concrete evidence of motion over the appreciable distances needed 
to account for sintering of supported metal catalysts. For exam- 
ple, in tm sttu film growth studies by transmission electron mi- 
croscopy Pashley et We observed small reorientations, such 
as rotations of the order of 1°, when particles merged. However, 
they did not report significant crystallite motion. Phillips et 
at.°*!* cite crystallite diffusion in interpreting their electron 
micrographs. However, the authors were not able to describe their 
observations by their proposed model. In particular, Figures | 


and 2 of reference ©’ !* are odd in that larger particles ( ~100 nm) 
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appear to move more rapidly than smaller particles ( 15 nm). 


Wynblatt and Gjostein’’ \4 


observed minimal migration, less 
than 10 nm in 16 hours at 1000°C in a hydrogen atmosphere, for 

Pt particles of an average size of 7.5 nm on an Al,0. substrate. 

They conclude that particle migration is too slow a process for 

particle sizes greater than 5 nm to account for observed sintering 

rates. Geus' review?’ 9 makes it evident that most evidence of 

Substantial crystallite motion is inferential. 

It should be noted that the conditions in which erveranite 
diffusion is cited as a mechanism in film growth are drastically 
different from those in typical supported metal catalyst sintering 
studies: first, temperatures are generally 200 to 500°C lower in 
film growth studies; second, coverage of the support is typically 
about 0.1 to 0.5 in film growth studies, while typical catalysts 
have about 1073 times that coverage of support by metal; and fi- 
nally, typical film growth supports are smooth, often cleaved 
planes, while typical catalyst supports are polycrystalline and 
highly irregular. Thus even if definitive evidence of crystallite 
diffusion at film growth conditions is obtained, the translation 
of this mechanism to supported metal catalyst sintering would not 
necessarily follow. 

In light of these difficulties in interpreting experimental evi- 
dence of sintering via the model of diffusing crystallites, we have 
looked to alternate mechanisms to account for the sintering phenomenon. 
In this chapter a model for the sintering of supported metal catalysts 
is developed based on individual metal atoms leaving the metal crystal- 


lites, migrating over the support and being captured by metal crystallites 
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upon collision. This approach is by no means devoid of conceptual 
difficulties, but it can account for a variety of experimental obser- 


vations of sintering. 


5.2 Proposed Model 


The mechanism of supported metal catalyst sintering in the propos- 
ed model is postulated to consist of three steps: one, individual 
metal atoms (or molecules such as Pt0O in an oxygen atmosphere) move 
from the metal crystallite to the surface of the support; two, the 
metal atoms migrate over the support surface; and three, the migrating 
atoms are either captured by collision with a metal crystallite or are 
immobilized by a drop in temperature or by encountering an energy well 
on the support surface. Each of these three steps will be discussed 


in detail. 


5.2.1 Escape of Metal Atoms from Crystallites 


Previous workers considering metal migration and particle agglo- 
meration have generally discounted the possibility of loss of indivi- 
dual atoms, due to the large activation energy, ES that this step 
would require. The heat of sublimation of platinum, for example, is 
135 kcal/gmole?’ |, Arguing by extension from measurements on other 
metals, Geus?* 19 estimated the dissociation of a pair of Pt atoms to 
be about 65 Kedignetes Thus most investigators of nucleation effects 
(e.g. ref, 07 !0-5-13, 5.16-5.19) have concluded that for metals such 
as Bi, Au, Ag, Pt, etc. the dissociation of atoms from clusters of 
larger than a few atoms is neglectably small. Similarly, the forces 
between particle and support are presumed to be van der Waals type 


only, so that heat of adsorption, H,, of single metal atoms is taken 
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to be less than 20 kcal/gmole. 

Supported metal catalyst sintering is generally observed at tem- 
peratures of 800 - 1000°K, which is higher than typical nucleation 
study temperatures of 500 - 600°K. At these temperatures, an activa- 
tion energy of less than 60 to 75 kcal/gmole is necessary if a process 
is to occur with a significant rate. Thus the large sublimation energy 
and presumed low interaction of metal with support appear on first 
glance to rule out escape of metal atoms to the support surface from 
metal crystallites as a plausible mechanism. 


9.10 of data observed in metal film 


However, Geus' extensive review 
formation studies indicates that several factors may substantially in- 
crease the interaction between metal and support surface. In advancing 
this model we suggest that localized metal-support interactions are 
sufficiently large to reduce the net energy difference between an atom 
in the crystallite and an atom on the surface to the required value 
less than 75 kcal/gmole. 

The presence of oxygen has been reported by many authors to sig- 
nificantly increase the interaction of metal crystals and oxide sup- 
ports?* 19, Formation of a metal oxide layer at the support surface 
is believed to result in a strong chemical interaction, thought to in- 
volve metal incorporation in the support structure. For nickel, iron, 
chromium and titanium ageing in air at room temperature has been ob- 
served to substantially increase the adherence of metal particles on 
films. This type of strong interaction between metal and support, 
not necessarily reversible by reduction, could readily enhance removal 
of a metal atom from the particle to the surface. (In certain atmos- 


pheres the escaping metal species would presumably be molecular rather 
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than atomic.) 

A second factor explored by Geus?: 19 which increases localized 
metal-support interaction is the presence of defects in the support 
structure. The well known decorating effect, where crystals are seen 
to nucleate in the region around defects, is attributed to the favor- 
able energetics of adatom adsorption in these regions. Thus again 
metal escape from particle to support surface can be enhanced in 1o- 
calized regions by the presence of defects. 


5.10 reviews evidence that impurities on the support 


Finally, Geus 
Surface increase the interaction of metal and support. The presence 
of cracking products of hydrocarbons or of carbon has been found to in- 
crease the localized adatom population. The role of such impurities in 
serving as a bridge for the "spillover" of adsorbed gases from metal to 


Surface has been discussed?*“2, 


By increasing metal-support interaction, 
such impurities may also help to bridge the spillover of metal atoms to 
the support. 

These arguments for loss of metal atoms to the support surface 
are admittedly tenuous. However, they point to an interaction far more 
complex than the van der Waals forces cited in ruling out the possibil- 
ity of particle dissociation. Because of the large heat of condensa- 
tion of metals, and their ready mobility on support surfaces, no direct 
measurement of the heat of adsorption of Pt on typical supports is pos- 
sibler’ 19, Phillips et oe found that an H, of 35 kcal/gmole for 
Au on SiO was required to explain their results in terms of their par- 
ticle migration model. Tabatadze et oe measured the conductance 


of metal oxides during the adsorption of noble metals. They observed 


large changes in conductance as long as metal atoms were supplied to 
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the oxide surface. Their results indicate a strong electronic inter- 
action of single metal atoms with the oxide surfaces which disappears 
once these atoms aggregate to form metal crystallites. This indirect 
evidence supports conclusions from nucleation and film growth studies 
that forces other than van der Waals are involved in the adsorption of 
metal atoms on oxide surfaces. | 

The reduction in surface energy is the driving force for the trans- 
fer of metal from smaller to larger crystallites. We are interested in 
obtaining an approximate relationship for the rate of loss of metal 
atoms from a crystallite to the support as a function of crystallite 
size. The Kelvin equation relates the spreading pressure, 94, to the 


crystallite radius, r, by 


9 = $ exp(s/r) 5.3 
where the value of 8depends on the shape of the crystallite, the metal- 
support contact angle, the metal-support and metal-vapor interfacial 
energies, the metal molar volume, and the temperature. For a specific 
support/metal system, at a constant temperature, the value of 8 should 


be relatively constant. 


At equilibrium the rate at which a crystallite ae 3 atoms is 
proportional to r¢, and therefore the rate of atom loss, a is also 
proportional to rd. The rate of loss is independent of whether or not 
the system is in equilibrium if energy transfer is not controlling. 


Hence the ratio of the rates of loss for two crystallites of different 


Size is given by 
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The Pt/Al40. contact angle is 90°, and therefore the crystallites 
were taken to be hemispheres. For this case the value of g is defined 
by 


Cy) + 2y,)V 


Pee RT 5.5 


where Y] and Yo are the Pt - Al,0, and Pt - atmosphere interfacial 


ae 
energies, V is the molar volume of Pt, and T was taken as 1000°K. In 
order to assess the range in reported values Mee oo eo and 


the variation of Pt species (such as metallic Pt, Pt0, etc.), three 
values of 8, ranging from 4 to 6 nm, were employed in calculating rela- 
tive rates of loss by equation 5.4. In Table 5.1 the rates of atom 
loss relative to a crystallite with a diameter of 25 nm are reported 
for the three cases over the size range 2 to 50 nm. 

From the values reported in Table 5.1, it is evident that in the 
size range of interest in sintering studies the rate of loss of atoms 
from a crystallite may reasonably be approximated as independent of the 
crystallite size. The variation in loss is less than 30% up to 30 nn, 
except for very small particles where equation 5.3 predicts questionably 
high values of o/%,: Accordingly, we have modeled the rate of loss of 
atoms from the ith particle as 


dL. -E_/RT 
al a 

—e=zAe 

dt 9.6 


dL. 
where ar is the rate of transfer of atoms to the surface, A is an 


arbitrary constant, and E. is the activation energy required to move 
from a particle to the surface. For particle sizes above 30 nm the 


surface energy and size variance of the rate of loss do not compensate 
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Table 5.1: Relative Rate of Loss of Atoms per Crystallite 
as a Function of Crystallite Size as Estimated 
by the Kelvin Equation (Normalized to 25 nm 


Diameter Crystallites) 


Crystallite 
diameter Case | Case I] Case ITI 
nm 8B = 4.0 nm 8B = 5.0 nm 8 = 6.0 nm 
2 Sofi 7.96 19.97 
4 0.86 iee3i 1.99 
6 0.66 0.85 pet’ 
8 0.63 Os7% 0.89 
10 0.65 Onerie 0.82 
12 0.68 0.74 0.81 
15 0.74 0.78 0.83 
18 0.82 0.84 0.87 
20 0.87 0.88 0.90 
25 1.00 1.00 1.00 
30 1.14 le) 2A 
40 babe 1.38 1.34 
50 170 1.64 Ahestow/ 


100 3.]5 2.96 2.19 
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for each other, and the assumption of a constant loss rate, equation 


5.6, becomes increasingly subject to error. 


5.2.2 Migration of Metal Atoms Over Support Surfaces 


The extensive work on nucleation and film growth leaves little 
doubt about the mobility of atoms on supports, even at temperatures 


much lower than those encountered during supported metal catalyst 


2210=5.-13, 5.16-5.19 


Sintering The atoms may be considered as a two- 


dimensional gas, in which case their speed is given by 


mk,T % 
v= ( B ) 57 


2m 


or the motion may be described by the jumping from one surface site to 
next which is described by 


veavy exp (-E_/RT) 5.8 


It should be noted that Eo: the activation energy for surface diffusion, 
is not necessarily equal to E> but is generally considerably smaller 
than Eo 

In the present model it is immaterial whether equation 5.7 or 5.8 
is used, but equation 5.8 illustrates that a drop in temperature could 
readily immobilize surface atoms if certain sites on the support sur- 
face have large values of E.- We presume a surface velocity rapid 
enough, at sintering temperatures, to lead to a uniform concentration 


of free surface metal atoms on the support surface. 


5.2.3 Capture of Atoms by Metal Crystallites 


Upon collision of a migrating atom with a metal crystallite, the 
atoms may become incorporated in the crystallite. The rate at which 


a crystallite gains metal atoms by this process depends on the concen- 
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tration of metal atoms on the support surface, the velocity of these 


atoms, and the effective diameter of the crystallite, D., Dees 


dG, w F 

BRI eR lee eis) 

dt * N S D, 559 
Gre io 


where © = sticking probability of an atom colliding with a crystal- 


lite (assumed to be independent of D) 


Ne = total metal atoms 
So = support area per metal atom 
Ba = number of atoms migrating on support with an area Ne So 
(tees N,3 is the concentration of atoms on support surface) 


Once the atom has become attached to the periphery of the particle it 
can migrate over the metal surface and become part of the crystal. The 
surface self diffusion rates of metals are generally quite large, the 


24 Bend the result - 


activation energy for Pt only being 26 kcal/qmole>* 
ing crystals should be three-dimensional rather than metal islands on 


the support. 


5.2.4 A Summary of the Model 


The net rate of change of the number of atoms in the ith particle 


is given by 


which, according to equation 5.3 and 5.6 may be written as 


dN, F -E,/RT 
qrcravye bin Ae © 5.11 
dt AS. 


The rate of change of the number of migrating surface atoms is given 


by the material balance 


nl 
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where M is the number of metal crystallites on the Support of area 
N,So: 

This model of supported metal catalyst sintering may be likened 
to an evaporation condensation process among multisized droplets. In 
that case the variation in vapor pressure among drops of different 
size leads to a transfer of liquid from smaller to larger droplets. 

By our sintering model a single particle on a support surface would 
establish an equilibrium concentration of metal atoms migrating along 
the surface. With several particles of different size, however, the 
surface concentration is not equilibrated with each particle, and thus 
growth or decay in individual particle sizes occurs. Because smaller 
crystallites would equilibrate with higher concentrations of migrating 


surface atoms than larger crystallites, the larger crystallites grow 


at the expense of the smaller. 


5.3 Method of Solution 


Equations 5.11 and 5.12 were written in the following finite- 


difference form for solution 


NS -E /RT 
Me be yoo eee ) AG 9.13 
a Nao ab 
t o 
M 
QBs the edualty 5.14 
i=1 


where im = arithmetic average of F. during time increment at and v is 


given by equation 5.7. In the above formulation the constant a includes 
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the reduction in the velocity of migrating atoms, v, due to an acti- 
vation energy for surface diffusion. The support surface area per 
metal atom, So? is related to the metal loading of the catalyst. For 
example, So = 10 nm@/atom corresponds to a catalyst containing ~ 1 wt . 
% Pt on a support having an area of 300 m@/q. 

Two methods of solution for equations 5.13 and 5.14 were employed, 
depending on the value of = (v being given by equation 5.7 and Fo/N,» 
the fraction of atoms eee on the support, being determined in part 


by the value of av/S,). 


5.3.1 Solution for a/S, > 10! m™@ 
For values of ofS? 10'2 ma it was found that Fe is always small, 
M 
F. = 0, and the approximation } AN, = 0 could be made. This condi- 


3 
i=1 
tion corresponds to rapid rates of surface atom migration and capture 


compared to the rate at which atoms leave crystallites. For this sit- 
uation, the rate at which a crystallite captures atoms, assuming al] 
crystallites are equally accessible to migrating atoms, is proportional 


to diameter, D.. Equations 5.13 and 5.14, for this case, reduce to 


MD, ~E/RT 
ee At 
AN, ( % 1)Ae 


Seg he 
dy 


The values of Ni» for all particles, as a function of time can readily 
be computed by a single-step method (Euler's formula) once a relation- 
ship between D. and N. js chosen. In this work we described the crys- 
tallites as fcc cubes and used the equations of van Hardeveld and 


Hartog?** to determine the total number of atoms, N,, and the number 


of atoms, N. 5? at the surface of each crystallite, t.@. 
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N, = 0.5 + 0.5 [1 + 2q]° 51g 
and 
N = 1200 ae 9.17 
S,1 
fOY 9.2) | 
where 
(lee) 
die (i.e. the number of 
Jaa atoms along the edge of 
o cube minus one) 
&. = the length of the edge of cube 
ag = atomic diameter (0.277 nm for Pt) 


The effective diameter, D., of a crystallite for the capture of migrat- 
ing atoms was taken as 


D, = 4(h, + a) 5 18 


By starting with a given particle size distribution, z.e. L for 
all particles at time = 0, equation 5.15 was used to obtain N.'s as a 


function of time. The corresponding dispersion, D, was calculated by 


Any crystallites for which N. became <14 (z.e. q <1) during a 
time interval were considered to have disappeared, and the remaining 
atoms in these crystallites were distributed among the remaining crys- 


tallites in the following time increment in proportion to their size. 
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5.3.2 Solution for a/S, < 101? m2 


Equations 5.13 and 5.14 were solved by a trial and error for 
these cases. The number of atoms, Hen was taken as zero at time 
equal to zero. In order to avoid oscillatory values of Ne in the 
initial time increments a heating period was incorporated in the cal- 
culations. The temperature was increased from 300 K to the desired 
final temperature over a period of one hour in 0.017 hour increments. 
The trial and error procedure used to calculate N. and Ee at time 
© = t + At was as follows: 

1. The value of se at t' was guessed (2.e. iis Foren). 


2 N. was computed for each particle using equation 5.13 


oF AF. was computed using equation 5.14. 
4, If Nan from step 1 differed from Ate by step 3 by less than 
0.1 atoms and if F.|, + aF, was > 0 calculation proceeded 
to the next time increment; if the difference was > 0.1 
steps 1 to 3 were repeated, with the new AF for step 1 being 
estimated using the magnitude of the difference as a guide. 
If only a negative value of Ee (physically impossible) at t' could sat- 
isfy the above conditions, the size of at was decreased to one-tenth 
of its value and steps 1 to 4 were repeated. If any N. became < 14, 
these N; were added to F.. in the next time increment. 
The dispersion for this case was calculated in a manner analogous 


to equation 5.19, except that F. was included in the number of metal 


surface atoms, 7.é. 
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A value of 0.1 hour for at was used for the computations. Calcu- 
lations using a At of 0.017 hour yielded essentially the same results. 


The complete programs used for each case are attached in Appendix C. 


9.4 Description of Cases Investigated 


5.4.1 Crystallite Size Distributions 
The initial (zero-time) particle size distributions (PSD) were 


generated in the following manner: 


1. the maximum and minimum size of particles in the distribution 
was chosen ee and Ran)? 

2. the size range was split into K equal size increments of size 
AL, 

oe the number of particles, Pye was specified for each size 


increment, 


4. the size of each particle was calculated by 


2 ¥ j=1 
po ey Cea Be 52] 
for k = 1 to K +1 and j = 1 to P, for each k. Where 
k=-1 ; 
1g +35) (PC Geisth UP, = 0), Pry; = 1 was included to obtain 


m=O : ) KL 
a particle of size%.. This procedure results in me PL 


particles all having a different size. 
Two general types, I and II, of PSD were generated by this proce- 
dure. The Type I distribution is approximately Gaussian in nature, and 


Type II is skewed with a large fraction of small particles. The values 
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of dan? day? k and Pr used to generate the specific PSD are given 
in Table 5.2. 

The PSD listed in Table 5.2 contain 121 particles, except 8 and 9 
which contain 122. In these two distributions one large particle 
(10 nm) was added to PSD 1 and 7. To check the sensitivity of the 
calculations to the number of particles present, calculations were 
carried out with PSD for which the values of Pr for k = 1 to K were 
doubled (Pray was kept equal to one). These calculations showed that 
as long as the remaining number of particles was Sel the dispersion as 


a function of time remained unaltered. 


5.4.2 Parameter Values 

The values of parameters used in solving equations 5.13 and 5.14 
(or equation 5.15) for the specific cases reported in the next section 
are listed in Table 5.3. Although many other combinations of parameters 
were examined the cases listed illustrate the general behaviour of the 
model. It should be mentioned that, although all the cases listed used 


a value of A = 8 x 10!3 cache the results are readily extended to low- 


3 


er values of A (significantly higher values of A are physically unlikely). 


Thus, for a specific PSD and fixed values of T and a/S os the dispersion 
as a function of time is determined by the value of A exp(-E_/RT) Lees 


‘ ue 
Ae= 1,65 x 10/ sec’ and E/RT = 15.0 is equivalent to A = 8 x 10 


eee! and E,/RT = 35.0 (Case 1). 


5.5 Results and Discussion 


5.5.1 Effect of Initial PSD on Rate of Sintering 


From equation 5.11 it is evident that for a certain value of D. 


and the corresponding crystallite size, %., according to equation 9.18, 
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Table 5.2: Data for Generation of Particle Size Distributions 


Distribution min &max Type Dispersion 
Number (nm) (nm) 
] Z.f0 S30 I 035 
Z ae) 3.90 I 0.34 
3 1.20 4.80 I Oss 
4 2.960 3.065 I 0.35 
5 2.00 12250 Hl Qals 
6 5.00 15.50 I 0.10 
7 oo 4.29 1h 035 
one 50 4.29 IT 0.28 
oie ZED Seow) I Ow29 
Type I 
k for k =. 1 to. 10 
10) forks] liliandsl2 
eee PY ae a13-21 
We foruk*=s22 
Type II 


eit 0) 23) dh 5b. aaa Ome mane 


Pr 20) 20> -VGuelG | Gun sce ee encom 


* one 10 nm particle was added to these distributions to simulate a 


bimodal distribution. 
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Table 5.3: Parameter Values Used in Study 


wunbeh E,/RT 1(K) & (0) 
35.0 1000 Tite ee 
2 35.0 1000 2 a0) 
3 33.3 900 Veer lip 
4 33.0 900 2x 10! 
5 31.6 950 ihe aah 
6 31.6 950 2x 10° 
7 31.6 950 2x 10! 
8 31.6 950 4x 10° 
9 31.6 950 2x 10° 
10 30.0 1000 ool 
ih 30.0 1000 2x 10’ 
12 27.5 1000 1x 10/2 


A=8x 10/8 Bec. for all cases 


the net rate of growth is equal to zero. Particles with sizes larger 
than this 'critical' size will arow while smaller particles will 
shrink. This critical size is given by 


A N. 55 ~E,/RT 


g a) ee ee 
CRITY 4a v e : ico 5.22 


or according to equation 5.15 


; ; 

D Q. 5.23 
Q = i=l a3 a wm y= 1 

CRIT 4M eps wee, 


As sintering progresses the number of particles, M, decreases and the 
number of free surface atoms decreases as well. This results in an 
increase in Lepr as Sintering progresses, and crystallites which ini- 
tially grow in size will eventually decay. 

Figure 5.2 and 5.3 shows the particle size history for individual] 
particles of the same initial size for PSD 1 and 9, Case 3. PSD 1 and 
9 are the same except one 10 nm particle has been added to PSD 1 to get 
PSD 9. The effect of the added 10 nm particle is evident when comparing 
Figures 5.2 and 5.3. This large particle captures many of the migrating 
atoms, resulting in an increased rate of sintering. 

The effect of large particles or broad initia] PSD on the rate of 
sintering is further illustrated in Figure 5.4 where the normalized 
dispersion D/D, is shown as a function of time for various initial PSD. 
The addition of one large particle (10 nm) to PSD 7 (i.e. to get PSD 8) 


significantly increases the rate of sintering. PSD 1 to 4 are all Type 


I distributions with a mean crystallite size of 3.0 nm, but the size 


a 0.105 nm (PSD 4) to 3.50 nm (PSD 3). 
range (£.. - #1.) varying from ( 


109 


Fopse! 2axte ‘iw astattes iss 08 | | 
Fim esfotivsg vottsme 9 ttt wow anata , 


ont Dns 2eeqs78b .M.. 2ohoPtasn to yadiwn sty e92zeyporg nb 

Ne mf atfuesy eit . {few 26 2seseyosh wpads Sos Pz 997 ' 
“far qaidw castitstevyo bas: .2sacsypong Saiyedate os TIAa” are | 
.Y6o9b Efeutnave Thtw este at 
Psublyronh vo¥ “voter ashe 9\ ott16q ‘etd ewntta. £,2 bres Sue 
hns | G25 .€ ses) .2 bref O29 "at ashe tabtent ome ont F 
tap ot | G24 0d bobbm mead eed statiwea 7 ‘of 300 1950K9, ae 
> BAT YEGMOD Netw Insbtys of afahiseq. ath Of ‘babes ait Yo pl av 
oe PUT Isiptin ons to yien 25yutaR9 stories onnéT 2haT ea bas. saa 
sptwstake to eteqw boensaant m6 nt “2 
40.9051 sit no 024 fettiot bod bis ahi aeret to 7 
bastfeerian ond aTatw f.e suit: int’ bate aul tt nett ate , rat 

BaF Tet etait 2vOPYBY tO emntas +0 Alot sonut 4 26 ja a Sede note jet 
“ee a9 tap od “'sahik 024 Od (rnin or) sTofneg sonst ote ae my 
99NT Tis ays 8 of f Gea Lontasante Fore Y ot 2 aT nid Pee “hy in nn 

- - sper ont td. mn OLE to osta ‘ae aces eth 1 


dé 


110 


("Sd 243 St vaquinu 91L9Lqued ayy “lL SL uaquNN) -¢ asey *LOSd 
“SaLdLzued LeNPLALpuL paqoalas uo} AYOYSLY AZLS aLoLqued 


(sanoy } IWIL 


poy See Fhe Oe ee 


3Z1S 


FIDUYVd -WDILIYD, 


:2°G aunbL4 


(wu) 3971S JIDILYVd 


vir lies te 


rr ehig 


f v : : 


) 


a8 fe TE ef - 


Oh OF OS Of 0 
fewor} IMIT 


2a{ativsq eisbiutbert botasfe2 yet yioteid oxte efotiied <S.¢ supra 
(02% oft 27 “Sdmun Sfottysg sdf ,f 2h wedm) -€ 9287. (get 


109 —_— 


—— 
—S ‘CRITICAL’ PARTICLE 
SIZE 


PARTICLE SIZE (nm) 


TIME (hours) 


Figure 5.3: Particle size history for selected individual particles, 
PSD9, Case 3. (Number is i, the particle number jis the PSD.) 
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The rate of sintering, as shown in Figure 5.4, is larger for the broader 
distribution in an initial period of about 10 hours. The reduced rate 
of sintering for narrow distributions occurs because in the initial 
stages of sintering these distributions are becoming gradually broader 
without the disappearance of particles. The narrow size range does not 
generate a substantial driving force for transfer of metal from the 
smaller to the larger particles. 

Figures 5.5 and 5.6 show the cumulative distribution function F 
as a function of time for Type I and II initial distributions. This 
illustrates the spreading of the distributions with time. In each case, 
as sintering progresses the model predicts the presences of particles 
smaller than the initial minimum size. During early stages of sintering 
the broadening, and specifically the decay of a substantial fraction of 
the particles to smaller sizes, is evident. This prediction of the 
presence of small particles at all stages of sintering is one significant 
difference between the proposed interparticle transport model and the 
crystallite diffusion model>:! 9.2 The latter mode] does not allow 
for formation of particles smaller than the initial minimum size, nor 
does it predict the type of induction period for narrow PSD shown in 
Figure 5.4. Further, it predicts that sintering would occur with a 
unisized distribution (practically unattainable), whereas the model de- 
veloped here predicts that such a distribution would not sinter because 
of an absence of a driving force for interparticle transport. Some 


experimental evidence exists that even in heavily sintered samples small 


crystallites are still presente. Further experiments that follow the 


nature of the particle-size-distribution broadening would be useful in 


elucidating the mechanism of sintering. 
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9.9.2 The Effect of Surface Mobility and Metal Loading on Sintering 
Behavior 

If no initial free surface atoms are postulated, then during the 
early stages of sintering the value of mg grows as particles lose atoms 
to the surface and relatively few are captured by crystallites. The 
parameter a5, determines the extent to which surface atoms are cap- 
tured, and hence the size of Fo. The increases in dispersion (defined 
by equation 5.20) shown in Figure 5.7 are due to this increase in fee 

For large values of a/So> corresponding to high metal loadings (z.e. 
small values of So) or high velocity of migration, the number of migrat- 
ing surface species approaches zero and the rate of sintering is con- 
trolled by the loss from particles only. In these cases, the rise in 
dispersion due to the surface species is negligible, and this model does 
not predict any redispersion of metal. 

Lower values of a/S.» however, can account for significant redis- 
persion. The lower values could arise from lower metal loadings or a 
reduced velocity of migrating species (larger EL). In such cases a Sig- 
nificant amount of free surface atoms builds up, leading to higher dis- 
persions and reduced overall rates of sintering. Redispersion could 
occur through cooling of a sintering sample during this period of growth 
in number of free surface atoms. If the migrating atoms were frozen as 
single atoms or small particles during cooling, the increased dispersion 
would remain. Experimental evidence? *-” indicates that rapid cooling 


does give higher dispersions after sintering treatments than slow cool- 


6-2 
ing. Figure 5.7 shows that for a/So values less than about 2 x 10° m 
the capacity of the surface to accomodate free surface atoms exceeds 


the number of atoms present, and thus all the particles disappear. 
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The predictions of the model as Cher becomes smaller may become 
unreliable because the assumption that the surface concentration of 
migrating atoms is position independent is no longer valid at low mi- 
gration rates. The extent of the error introduced by this approxima- 
tion has not been investigated. 


5.5.3 The Effect of E/RT on Sintering Behavior 


Figure 5.8 shows, for the case where a/S. is large and the free 
Surface atoms are rapidly captured, the influence on sintering behavior 
of variations in E,/RT. The plots correspond to either a change in 
temperature or in the activation energy. For instance, if E is taken 
as 60 kcal/gmole, the curves in Figure 5.8 would represent temperatures 
ranging from about 850°K (E,/RT = 35) to 1100°K (E./RT = 27.5). If the 
temperature is postulated as 1009°K, the curves represent activation 
energies from 55 to 70 kcal/gmole. 

As would be expected for such large activation energies, the sin- 
tering behavior is extremely sensitive to variations in temperature. 
Sintering is extremely slow for E/RT = 35.0, with less than 10% loss 
of dispersion in 40 hours, while for E,/RT = 27.5, sintering is extremely 
rapid, resulting in the transfer of all the metal in the initial 12] 
particles to a single large particle within 5 hours. 

Similar trends are evident, as shown in Figure 5.9, when values of 
o15 are lower and a significant surface concentration of migrating atoms 
is present. In this case, however, a lower value of E./RT, corresponding 
to higher temperatures or a lower activation energy, affects not only 


the rate of sintering but also the extent of initial redispersion. While 


lower values of E,/RT lead eventually to more rapid sintering, the 
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initial rise means that for a period of time the dispersion is lower 
for higher E/RT values. 

Changes in atmosphere would affect the activation eneray for metal 
movement from the particle to the support surface. The actual species 
leaving would probably differ in oxidizing and reducing atmospheres. 

In the former case a metal oxide molecule would probably be the migrat- 
ing species. Oxidizing atmospheres are found to enhance interactions 


Pz), and thus could lower the activation energy 


between metal and support 
of escape. The pre-exponential factor, A, could also be affected. It 
is possible that in the case of oxidizing atmospheres the rate determin- 
ing step in the sintering process is the formation of the surface oxide 
Species since oxygen adsorption on metals such as Pt is an activated 
process. Different atmospheres could also affect the velocity of migra- 


tion along the surface, 7-2. changes in the activation eneray for sur- 


face migration, a factor included in the parameter a discussed above. 


5.5.4 The Order of Sintering 


a 


Several authors epee a have fit experimental data of sin- 


tering to a power-law model of the form 


appetr ren 5.24 
Values of n from 


where D is the dispersion and K and n are constants. 


2 to 13 have been reported. 


The rate of change of dispersion has been fitted to equation 5.24 
to determine the range of n values predicted by the proposed model. 
One immediate difficulty with the power-law model is its inability to 


account for an initial period of redispersion as the surface atoms 
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concentration builds up. Accordingly, we have fitted oniy those data 

for the regions where the dispersion is decreasing. If equation 5.24 

is valid, then a plot of (Demo versus time will result in a straight 
line with an intercept of unity (n # 1). Figure 5.10 shows these plots 
for PSD 5 and 6. These distributions are identical, except the mean 

size is displaced by 3.0 nm. The behavior of PSD 5 (mean size = 7.25 nm) 
is well fitted by an n value of 6, while PSD 6 (mean size = 10.25 nm) 

is well fitted by an n value of 3. This tendency of deerecine values 

of n with increasing mean particle sizes for symmetrical PSD was observed 
for several other PSD. 

Figure 5.11 illustrates the effect of PSD width on the value of n 
for PSD with the same mean size (PSD 1 and 2). Neither case is well 
described by the power-law model, but the narrow PSD 1 shows very low 
values of n (< 2) at times < 15 hours. This is the result of the ‘in- 
duction’ period for the sintering behavior of narrow PSD that has been 
discussed previously. As PSD 1 broadens with time (see Figure 5.5) the 
value of n increases and at even larger values of time n decreases. A 
similar, but less marked, trend is observed with PSD 2. Not only does 
n vary with the extent of sintering, but the value of n also depends on 


the width of the initially symmetric PSD. 


The inability of the power-law model to describe the progress of 
sintering over wide variations of D/D, is well recognized?* 3? 364 It 
is evident that the sintering process should depend on the nature of 
the PSD and not only on the dispersion. The proposed model predicts | 


the nature of the dependence of n on PSD, but experimental determinations 


of n as a function of PSD are not presently available. 
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Figure 5.10: 
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(Dg /D)? 


TIME (hours) 


Effect of particle size distribution width on power- 


Figure 5.11: 
: law order (Case 3; @ PSDI, o PSD2). 


5.9.5 Application of the Model to an Experimental Case 


To test the ability of the proposed model to describe some experi- 
metal sintering data we chose the data of Wynblatt and Giostesnns 
An approximate initial PSD was obtained by measuring the size of approxi- 
mately 200 particles in Figure la of reference 5.3. The distribution 
was adjusted to yield an average initial dispersion of 6.7% correspond- 
ing to the average particle radius of ~ 8.0 nm reported by Wynblatt 
and Gjostein. The resulting bimodal PSD is shown in Figure 5.12 (line 
at t = 0) 


Equation 5.15 (i.e. a/s, > 10!2 m™*) 


was used to predict the PSD 
as a function of time. The value of E/RT was adjusted until the pre- 
dicted dispersion at 15 hours was equal to 5.4% (corresponding to the 
reported average radius of 10 nm after 15 hours). The value of E/RT 
that gave this desired result was 29.5, corresponding to an activation 
energy of 57 kcal/gmole at 973°K. The predicted PSD and dispersion as 
a function of time for this case are shown in Figure 5.12 and 5.13 
respectively. Fitting the dispersion versus time results by equation 
5.24 resulted in values of n = 13 at t < 17 hours, to n = 4 for t = 25 
to 50 hours. This is illustrated in Figure 5.14. 

This result agrees well with the experimentally observed n value 
of ieee The initially broad and bimodal PSD is responsible for high 
value of n at low time. As sintering progresses the bimodal nature of 
the distribution becomes less pronounced and at t ~ 20 hours the PSD 


is approximately symmetric. As the PSD becomes more symmetric the value 


of n starts to decrease rapidly and changes from 13 to 4. To further 


test the validity of the model initial PSD and PSD as sintering progress- 


es should be determined experimentally and compared to predictions. 
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Figure 5.13: 
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Predicted dispersion as a function of time for the 
initial distribution of Wynblatt and Gjostein®-3, 
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5.5.6 The Possibility of Multiple Mechanisms 


Sintering behavior occurs over at least two orders of magnitude 
of particle size, from 0.5 to 50 nm, and over a range of atmospheres, 
temperatures, supports, and metal loadings. While this work has pos- 
tulated interparticle atomic or molecular migration as an alternate to 
particle motion, the two mechanisms are not exclusive. Wynblatt and 


2214 Suggest particle migration may be prevalent for particles 


Gjostein 
under 5 nm, but that some form of interparticle transport must take 


place at larger sizes to account for observed rates of sintering. 


5.6 Conclusions 

A model for the sintering of supported metal catalysts, based on 
the dissociation of individual atoms from the metal crystallites, has 
been developed. The model postulates that large interactions between 
the support and metal atoms may potentiate the escape of metal to the 
surface. Evidence of high interaction between metal and a support is 
found for oxygen atmospheres (on oxide supports), in defect regions, 
and in the presence of contaminants. The model has been applied to a 
variety of simulated catalysts. The model can account for a wide var- 
iety of experimental observations of sintering. These include a strong 
influence of atmosphere, a high apparent activation energy, possible 
redispersion, and a variation in order from < 2 to > 13 when sintering 
behavior is fitted to a simple power-law equation. 


The model predicts that the rate of sintering increases with in- 


creasing width of the initial PSD. Metal is transported from small to 


large particles, and transport is more rapid as the difference in size 


of particles is increased. This model predicts the presence of particles 
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smaller than the initial minimum particle size as sintering progresses. 

During the early stages of sintering the model predicts a buildup 
of a concentration of migrating metal atoms or molecules. If this build- 
up 1S substantial then redispersion of the catalyst will be significant. 
Factors affecting the extent of surface species buildup are migration 
velocity, collision accommodation, activation energy for escape from the 
particle to the support surface, temperature and metal loading. The 
first three factors would be influenced by the atmosphere in which 
Sintering occurs. 

This model predicts a considerable variation in order of fit to 
a power-law equation of sintering. Variation of the order is predicted 
within a given sintering experiment. Distribution width and initial 
particle size are especially critical parameters with respect to the 
power-law order. 

A variety of improvements to the presented model can be made, such 
as: 1. using the Kelvin equation to calculate the rate of loss of 
atoms from larger crystallites rather than approximating this by a con- 
stant rate of loss per crystallite, 2. including variations in the con- 
centration of migrating atoms with position, and 3. modelling the sup- 
port surface as inhomogeneous. It is felt that at the present time im- 
provements in the model along the above Ines are unwarranted because 
insufficient information is available to a priori estimate the extra 
parameters in these extended models. These new parameters, such as 
interfacial tensions, energy distribution of inhomogeneous support sur- 
face, etc., in the refined models would be determined by fitting them 
to experimental data and any improvement in the fit over the simple model 


would be due to an increase in the number of adjustable parameters. One 
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of the strengths of the presented model is that it contains only three 
parameters, t.e. %, A, and E> (in the case of equation 5.15 A and E. 
are the only adjustable parameters) and it is easier to assign physical 
Significance to these parameters and hence use their magnitude in de- 


Signing catalysts with greater stability. 


5.7 Nomenclature 
A' and B - constants in equation 2. 
A - pre-exponential factor in rate of loss equation (equation 3). 
a. - diameter of metal atom (0.277 nm for Pt). 
D - dispersion. 
D. - effective collision size of crystallite i. 
E. - activation energy for atom moving from crystallite to support. 
E._ - activation energy for metal atom migration over support sur- 
face. 

F - cumulative distribution function. 
F_- number:of metal atoms migrating on support surface. 
F_ - average number of free surface atoms in time increment. 
G. - atoms gained by crystallite i. 
H. - heat of adsorption of single metal atoms on support. 

K - rate constant in equation |. _ 

k = number of size increments used when generating intial PSD. 

k, - Boltzmann's constant. 


(eeatomseiost by crystaliiced: 


2. - particle size, the length of the cube edge. 


the particle size above which increase and below which de- 


crease in size occurs (function of time). 
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Q - the size of the largest particle in the initial PSD. 


the size of the smallest particle in the initial PSD. 
M - total number of crystallites (function of time). 

m - mass of metal atom. 

N.; - number of atoms in crystallite. 


N, - total number of metal atoms in all crystallites. 


t 
Ne ane number of surface metal atoms in crystallite it. 
n - order in the power-law model (equation 1). 
Pr - number particles assigned to size increments when generating 


initial PSD. 
q - the number of metal atom along cube edge minus one. 
r - particle radius (equation 2). 


metal surface area (equation 1). 


"N 
1 


S. = support surface area per metal atom (N.S) = total support 
surface area). 

T - temperature. 

t - time. 

V - molar volume of metal. 


velocity of atoms on support surface. 


vik 
a - sticking probability of atoms colliding with crystallite. 
g - defined by equation 3. 

y - frequency factor ( 10!? sec hyp 

$ - spreading pressure of metal on support surface. 
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CHAPTER 6 
EXPERIMENTAL STUDIES OF SINTERING OF 
SUPPORTED PLATINUM CATALYSTS 


6.1 Survey 

As discussed in Chapter 5, supported metal catalysts show changes 
in metal surface area during use or treatment at high temperatures, a 
Process known as sintering. Sintering is of concern industrially 
because a loss of catalytic activity generally occurs, associated with 
an increase in the particle size of the metal. A number of patents 
have been issued for processes designed to redisperse sintered cata- 
lysts (e.g. references”: |» 6.2). 

A number of investigators have studied catalyst systems under 
treatment conditions leading to sintering. In this chapter their work 
is briefly reviewed, and a series of experiments performed in this 
laboratory are described. From this data the sintering process appears 
to be extremely complex, and further experiments will be necessary to 
establish the critical parameters in this process. 

Many. authors®:3 6-10 in trying to describe the kinetics of 


sintering, have fitted data to the simple power law equation of the 


form 


dsiy Ks" 6.1 


where s is the metal surface, n is generally reported as an integer, 
and an activation energy is lumped in the constant K. Both Herrmann 


et ape? and Matt and Nascour ss report n values of 2 for Pt/A1,0. 
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catalysts in oxidizing environments. The latter authors examined 

their samples under the electron microscope before and after sinter- 
ing. Initially the Pt in their catalysts consisted of particles in 

the 1 nm range. After treatment in air, they reported the presence of 
1 to 50 nm particles. Somorjaie’? studied supported Pt catalysts 
Sintered in an oxidizing atmosphere by smal] angle x-ray scattering. 
Based on data obtained by this technique, he proposed a modified growth 


6.6 


law similar to that advanced by Wynblatt and Gjostein-*-, of the same 


form as Equation 6.1 but with a K value which decreases exponentially 
with increasing average particle radius (see Equation 5.2). Somorjaie’? 
also estimated the activation energy to be 52 kcal for oxidizing at- 
mospheres. However, small angle x-ray diffraction is not equally 
sensitive to all sizes of Pt particles. 

Sintering kinetics change in a reducing environment, in general 
associated with a higher value of n. Somorjaie’? found a lower acti- 
vation energy for an Ho atmosphere, about 20 kcal, but a much lower 
rate pre-exponential factor, and hence a lower overall rate of sinter- 


Oni, 


ing as compared to an oxidizing atmosphere. Gruber and Hughes 


et Fg found n values in the 6 to 8 range for sintering at 500°C 
in the Ho atmospheres. 

Finally, two special studies have been made of PL/AI40. systems. 
Wynblatt and Gjostein® ©» 6.9 used electron microscopy to study Pt 
particles prepared on specially thin (10 nm) alumina substrates. They 
found minimal surface migration for a sample where Pt particles were 


larger than 5 nm, and cite interparticle transport for a mechanism in 


these and larger Pt particles. High values of n (>8) are attributed 


to facet inhibited growth; z.e., expansion of a Pt particle must await 
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nucleation of a ledge on a smooth face. Experimentally they observed 
n values from about 3 to 13 for sintering in air. Huang and pide? 
Studied Ostwald ripening for large (>100 nm) Pt particles on a - A1,0,. 
Their n value of the order of 5 led them to conclude that surface dif- 
fusion is the mechanism of the growth process. Gregg and Howlett©: |! 
Similarly concluded that surface diffusion was the agglomeration pro- 
cess for the sintering of metal spheres observed under the optical 


microscope. Both Wynblatt and Gjostein’*? and Huang and hee 


observ- 
ed that the sintering rate increased with increases in oxygen concen- 
tration in an 0,/No mixture. 

As detailed in Chapter 5, two models have been developed to 
account for particle size changes occurring during sintering. Rucken- 


6.12, 6.13 postulated crystallite migration and 


stein and Pulvermacher 
collision as a sintering mechanism and developed and solved a model 
for homogeneous and partially heterogeneous surfaces. This model can 
account for power law orders from 2 (rate controlled by fusion of 


particles) to about 8 (rate controlled by diffusion of particles). 


It also predicts that after a certain time a universal dimensionless 


curve will fit the particle size distribution of a catalyst. In Chapter 


5 a model was developed which postulated the loss from particles of 
atomic or molecular species, followed by surface diffusion and recap- 
ture, as the sintering mechanism (see also references Bibs and Ge hy 
This model can account for power law orders less than zero (i.e. re- 
dispersion) up to 13 and higher. The order is found to depend heavily 
on the nature of the particle size distribution. While under either 


model the decrease in surface energy provides the driving force for 


metal agglomeration, the difference between transport as a crystallite 
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or as an atomic species leads to significant differences in predicted 
growth kinetics. This point is discussed in further detail below in 


conjuction with some experimental results. 


6.2 Results 

Four series of experiments were conducted to explore the sintering 
behavior of supported Pt catalysts. In one series catalysts were spe 
tered at varying temperatures for a fixed time period, and changes in 
the catalyst were monitored by electron microscopy and/or gas uptake. 
In a second series, the temperature was fixed and the time of sintering 
varied. In a third set of runs the sintering behavior of a catalyst 
batch into which a portion of pre-sintered catalyst containing large 
Pt particles was mixed was compared to that of an unmixed catalyst. 
Finally, electron micrographs were recorded of the same catalyst speci- 
men area before and after reduction and sintering in an inert atmo- 


sphere. 


6.2.1 Constant Time/Variable Temperature Treatments 

Both commercial catalyst samples (Engelhard 0.5% Pt on A1,0.) and 
prepared specimens (4.76% Pt on Alon A103) were heated 16 hours in 
oxygen at varying temperatures, and the dispersion or particle size 
were measured. In the case of the prepared catalyst, small samples 
(<0.5 g) were used, and the progress of sintering was checked by 
electron micrographs. For the commercial catalyst, batches of suffi- 
cient size (8 - 10 g) were used to allow gas uptakes to be measured 
after sintering. 

Figure 6.1 shows the size range of particles observed in the micro- 


graphs of several specimen areas of the Alon supported catalyst. The 
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Figure 6.1: Effect of treatment temperature on metal particle size 


range, measured from electron micrographs. Batches of 
4.76% Pt on Alon catalyst were heated 16 hr. in flowing 
oxygen at the indicated temperature. 
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lower limit of 1 nm shown in Figure 6.1 is considered the minimum 
Size where metal size contrast can accurately be distinguished from 
the contrast inherent in the support (Chapter 3, reference SEB No 
Change was observed in the metal particle sizes following 16 hour 
heating in oxygen at 500°C. Significant particle growth was observed 
for 16 hour treatment at 550°C and for all higher temperatures. For 
the specimens sintered by 600° and 700°C, particle growth was suffi- 
ciently great to significantly lower the number of particles ina 
given field of view, hence the size ranges shown in Figure 6.1 for 
these two cases, based on about five fields of view, must be considered 
approximate. (Micrographs from this series of experiments are shown 
in Figure 5.1.) It is clear that the platinum particles grow to the 
same order of magnitude as the particles in the support, 10 to 30 nm, 
a point which will be discussed further below. 

Figure 6.2 shows the variation of metal dispersion with treatment 
temperature for the 0.5% Pt commercial catalyst as measured by hydro- 
gen and oxygen uptake at 0°C. The open triangles in Figure 6.2 show 
oxygen uptakes for the same catalyst sample, which was successively 
sintered overnight in flowing oxygen at 500°, 600° and 700°C. The 
circles in Figure 6.2 show oxygen uptakes (open circles) and hydrogen 
uptakes (solid circles) for separate batches of catalyst sintered at 
the indicated temperatures. Prior to gas adsorption measurements the 
catalysts were reduced by cooling or heating in flowing hydrogen from 
the indicated sintering temperature to 500°C, the sole exception being 
the 700°C successively sintered case where the catalyst was cooled to 
600°C in oxygen and reduction was started at 600°C. Catalysts were 


outgassed in flowing helium for two hours (successively sintered cases) 
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or one hour (separately sintered cases) at 500°C before being cooled 
for gas uptake measurement. Use of the catalysts for other experiments 
prior to the sintering study may account for the 15% difference in 
initial oxygen uptake observed for the untreated catalyst samples. 

It is immediately evident from Figure 6.2 that at moderate sinter- 
ing temperatures a redispersion of metal occurs for both catalysts. 
The increase in hydrogen uptake for the sample sintered at 450°C is far 
greater than the increase in oxygen uptake of the same sample. How- 


6.17 -Gayl 95 have noted that 


ever, several authors (Chapter 4, references 
relative to oxygen, hydrogen uptakes increase as dispersion increases. 
Hence, for redispersion, particularly to very small Pt particles, larg- 
er increases in hydrogen uptake as compared to oxygen would be expected. 
It appears that changes in dispersion are strongly related to 
the atmosphere in which the catalyst is treated. For example, a por- 
tion of the 0.5% Pt on Al,0. catalyst for which the oxygen uptake had 
been determined was used in another series of experiments, during which 
time it was exposed to flowing hydrogen at 500°C for a total of 10 hr, 
and to flowing helium at 500°C for 22 hr. The subsequent oxygen up- 
take increased by only 0.004 atoms/Pt atom (2% of the total up- 
take) from the initial oxygen uptakes, a value of the order of the 
accuracy of the uptake measurement. Comparing this with the results 


in Figure 6.2 indicates that dispersion changes are far more extensive 


for shorter treatment in oxygen, for which 16 hr treatment at 500°C 


gave a 19% increase in oxygen uptake. 


6.2.2 Variable Time/Constant Temperature Treatments 


Several samples of a second commercial catalyst (Engelhard 0.3% 
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Bon Al,0.) were treated in air at 575°C for varying time periods, 
from 6 hr to over one month. Based on the results from overnight sin- 
tering reported above, it was felt that sintering at 575°C would pro- 
vide a rate of change of dispersion sufficiently slow to allow monitor- 
ing of the kinetics. However, sintering was unexpectedly rapid; after 
6 hr the uptake of oxygen had dropped from 0.350 atoms/atom Pt (for 

the unsintered specimen) to 0.019. At this low an uptake, gas adsorp- 
tion measurements are subject to large relative error. 

The unsintered catalyst was examined by electron microscopy, 
and metal particles were observed between 2 and 4 nm. Figure 6.3 shows 
the observed particle sizes for four of the sintered catalyst samples 
(6, 12, 120 and 360 hr of sintering). The rapid growth of large metal 
particles even after a six hour sintering period is evident from the 
observed metal particle sizes. 

Comparison with the results of the earlier experiments involving 
the 0.5% Engelhard catalyst is difficult, however. Both catalysts are 
of the surface coated type, where the metal particles are in a thin 
layer on the outside of the alumina pellet. Thus while 0.3% and 0.5% 


are nominal metal loadings, the actual concentration of metal in the 


outer region is unknown and could vary from one catalyst lot to another. 


6.2.3 Catalyst Mixture Experiments ~ 

A series of experiments were designed to check the effect of 
addition of a small portion of heavily pre-sintered catalysts on sin- 
tering kinetics. A portion of the 2.03% Pt on Alon alumina catalyst 
was heavily sintered (16 hr at 700°C in flowing oxygen) and had an 


oxygen uptake of 0.0313 atoms/Pt atom; examination of electron 
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micrographs confirmed the presence of large metal particles (range 
observed was 2.5 to 27 nm). The fresh catalyst had an initial oxygen 
uptake of 0.256 atoms oxygen/Pt atom. 

Four batches of catalyst were then prepared; two of the fresh 
catalyst, and two of a mixture of 23.1 wt % of the heavily sintered 
catalyst and 76.9 wt % of the fresh catalyst. The batches of mixed 
catalyst were crushed, wetted and redried at 110°C to promote a 
thorough mixing of the sintered and unsintered portions. One mixed 
batch and one fresh batch were sintered 16 hr in flowing oxygen at 
975°C and their oxygen uptakes were measured. These samples were 
subsequently sintered at 610°C for 16 hr, while the other two batches 
were sintered at 630°C for 16 hr. Samples were sintered, reduced 
(by cooling in flowing hydrogen from the sintering temperature to 
500°C) and outgassed 1 hr (at 500°C in helium) under identical condi- 
tions, the exception being the mixed sample sintered at 610°C which 
was reduced and outgassed at 610°C. 

Table 6.1 shows the initial oxygen uptakes for the four cases. 
The treatment at 575°C appeared to cause a slight redispersion in the 
samples. However, for the other two temperatures the mixed catalyst 
sinters significantly more extensively than the unmixed catalyst: 
after the 610°C treatment the unmixed catalyst had 66% of its original 
area compared to 43% for the mixed, after the 630°C treatment the 
unmixed catalyst had 29% of its original area compared to 3% for 
the mixed. From this data it appears that the presence of a portion 
of heavily sintered catalyst containing large metal particles speeds 
the sintering of a catalyst. The implications of this conclusion on 


proposed sintering mechanisms is discussed below. 
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Table 6.1: Effect of Addition of a Portion of 
Presintered Catalyst on Sintering Rate of a 


2.03% Pt on Alon Catalyst 


Oxygen Uptake, atoms 0/Pt atom 


Treatment Unmixed Mixed 
Uns intered 0.256 0.204* 
Sintered at 575°C Ue 258 0.218 
Sintered at 610°C 0.169 0.087 
Sintered at 630°C 0.073 0.006 


* 
By calculation from the dispersions of the unsintered and presintered 
samples. 
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Comparison of the results in Figure 6.1 and Table 6.1 indicates 
a dependence of sintering behavior on metal loading for the prepared 
catalysts. The two Alon supported catalysts (4.76% and 2.03% Pt) 
were similarly prepared, but the more heavily loaded catalyst shows 
Sintering at 550°C (growth of Pt particles up to 80 nm), while the 
less heavily loaded catalyst shows no significant change in dispersion 
after similar treatment at 575°C. Pt particles from 1 to 3 nm were 
observed in the reduced 2.03% catalyst, compared to 1 to 4 nm for 


the reduced 4.76% catalyst. 


6.2.4 Effect of Reduction and Sintering on Individual Metal Particles 


Unreduced 2.03% Pt on Alon catalyst was deposited onto a specially 
prepared ‘holey' film described in Chapter 2. Benchmarks on the grid 
made it possible to record electron micrographs of the same area be- 
fore reduction, after reduction (1/2 hr in hydrogen at 300°C), and 
after various thermal treatments in flowing helium. Table 6.2 lists 
the details of treatment for the grids. 

While the intention of these experiments was to follow the 
effect of various treatments on representative catalyst areas, caution 
must be used before conclusions based on these studies are drawn about 
catalyst sintering. In several important ways a catalyst supported 
on a holey carbon film mounted on a tungsten grid differs from a pure 
catalyst specimen. Other factors limit the accuracy of size and 
spatial position determinations of supported metal particles. For 
example: 

a) Evidence appeared in about half the micrographs of small 


shifts ( 10 nm) in portions of the Alon substrate. In 
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Grid Treatments 


Treatment History* 


The grid was reduced at 300°C for 1/2 hr 
and some contamination was noted. After 
Sintering 3 hr at 500°C (inserted in 

hot furnace), heavy contamination was 
noted. The film ruptured after a further 
3s nr av 500 7G, 


The grid was reduced at 300°C for 1/2 hr 
and some contamination was noted. The 
film ruptured after 5 hr sintering at 
500°C. 


The grid was reduced at 300°C for 1/2 hr 
and some contamination was noted. The 
film ruptured after 4 hr sintering at 
500°C: 


The grid was reduced at 300°C for 1/2 hr 
and heavy contamination was noted; sin- 
tered 2.5 hr at 500°C, contamination re- 
duced; film ruptured after 72 hr sintering 
at o0G. 


The grid was reduced at 300°C for 1/2 hr 
and deposits on grid noted. Subsequently 
the grid was discarded. 


The grid was reduced at 300°C for 1/2 hr 
and some contamination was noted. After 


sintering 4 hr at 500°C, heavy contamina- 


tion was noted. The grid was sintered an 
additional 4 hr at 500°C and a very heavy 
contamination was noted. After sintering 
4 hr at 550°C, very heavy contamination 
was noted. 


“all sintering treatments were in flowing helium and started in cold 
furnace unless otherwise noted; all reductions were in flowing 


hydrogen. 
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Table 6.2: (continued) 


Areas Examined 


3 


Treatment History 


The grid was reduced at 300°C for 1/2 hr 

and heavy contamination was noted. After 
Sintering 4 hr at 500°C, some contamina- 

tion was noted. The film ruptured after 

4 hr sintering at 600°C. 


addition, a few micrographs showed evidence of major move- 
ments (>10 nm) of the substrate. Thus the position of 

metal particles from micrograph to micrograph may in part 

be affected by movement in the substrate, arising from loss 

of H50 during the reduction step (the first time the catalyst 
is heated above 110°C) or the high temperatures realized in 
thermal treatment. 

Crushing the catalyst and dropping it on the grid gave cata- 
lyst clumps of various size. In selecting an area to be 
examined; a balance had to be struck between very thin 

clumps of catalyst, where electron microscope imaging clarity 
was good but the amount of catalyst was low, and thick clumps, 
where avec clarity was reduced but the catalyst more close- 
ly approximated the bulk typical in a sintered catalyst. 

The result was a compromise which often reduced the quality 
of the image over what could be expected in ideal conditions. 
Where possible, thin regions at the edge of thick clumps 

were chosen, but this frequently led to a considerable range 
of elevation in the specimen, a factor which casues resolu- 
tion and detection problems?’ !®, 

Contamination by carbon was far greater than that observed 
in conventional micrographs, both after reduction and after 
thermal treatment. There are two sources of carbon to con- 
taminate the catalyst. One is from the cracking by the 
electron beam of residual hydrocarbon vapors within the 
microscope from the oil diffusion pump. However, under 


normal operation of the microscope, with a liquid nitrogen 
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filled "cold finger" in the area of the Sample, such con- 
tamination is quite low (see, for example, the micrographs 
in Chapter 3 and 5). The second source is the carbon in 

the film itself, which during reduction and sintering treat- 
ments may have migrated onto the catalyst from the film. 
Given the high contamination evident in many of the micro- 
graphs as compared to conventional micrographs, we suspect 
this latter source to be significant; if so, then catalysts 
treated on grids differ from ordinary catalysts due to the 
presence of mobile or vaporised carbon. 

Evidence from micrographs also suggests that platinum can 
migrate onto the carbon, and may accumulate there in pre- 
ference to remaining on the alumina. Figure 6.4 a shows 

two micrographs of the same specimen area of grid 6 at 
relatively low magnification, before reduction and after 

the second thermal treatment. The large dark region in 

the lower left hand corner of Figure 6.4 a appears to be a 
Pt crystal on the carbon. Similarly, Figure 6.4 b shows 
three micrographs of another region of grid 6 before reduc- 
tion and after the second and third thermal treatments. 

Not only are the development of metal deposits (in the 

areas marked "a", "b", "c", and) “d™ in Figure 6.4 b, for 
example) evident after sintering, but their growth or 

decay with increasing sintering is also demonstrated. Access 
by the migrating platinum to the carbon film, and possibly 
to the metal grid, is a second major difference between grid 


treated catalysts and ordinary samples. 
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With these cautions in mind, several observations about the 
growth of Pt particles on supported metal catalysts may be made from 
micrographs of the grid treated catalysts. (Photographic reproduction 
may have reduced the quality of the micrographs, especially for fine 
detail; prints of the original micrographs are availabe from the author 
on request. ) 

In the unreduced catalyst the Pt is extremely disperse. While 
typically Pt particles with images corresponding to 2 nm were noted, 
comparison of a sintered and unreduced catalyst (for example, Figure 
6.5) shows that much of the Pt evident after sintering does not show 
up in the unreduced state, presumably because it is atomically dis- 
persed and has not agglomerated into crystals. (In Chapter 3 the 
difficulty of relating image size to object size, particularly for 
detail smaller than 2.5 nm, was discussed. All size measurements 
reported here are image sizes corrected for magnification, with a 
probable variance of up to z 1 nm from true object sizes.) In Figure 
6.6 larger Pt crystallites than normal appear in the unreduced cata- 
lyst; this will be discussed below. 

Some agglomeration of Pt takes place during reduction of the cata- 
lyst; examination of Figures 6.6, 6.7, and 6.8 illustrate this. In 
Figure 6.6, despite heavy carbon contamination in the micrograph of 
the reduced catalyst, growth of the Pt clusters as compared to the 
unreduced catalyst can be noted. In both Figures 6.7 and 6.8 numerous 
larger particles up to 4 nm appear, and a general agglomeration of Pt 
is evident. This agglomeration is somewhat remarkable considering 
the mild temperatures (300°C) used in the reduction step. Close 


inspection of Figures 6.7 and 6.8 show that some of the particles noted 
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d after one thermal treatment at 500°C. 
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Figure 6.5 
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Figure 6.6 Micrographs from grid 7 showing the same area before 
and after reduction and after one thermal treatment 


at, ,005C. 
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Micrographs from grid 2 showing the same area before 


and after reduction. 


Figure 6.7 
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in the unreduced catalyst remain fixed in location during reduction. 
In Figure 6.7, for example, five particles are illustrated (one each 
at a", "b", and "c" and two at "d") which appear in both micrographs. 
Similarly, two particles each by regions "a" and "b" in Figure 6.8 
appear before and after reduction. Not all particles in the reduced 
catalyst correspond to a particle in the unreduced catalyst; however, 
the small size of particles involved and the thickness of the specimen 
make simultaneous resolution of all small Pt particles unlikely©? !®, 

Thermal treatment at 500°C leads to further agglomeration of Pt, 
as shown in Figure 6.6 and 6.8. In Figure 6.8, a consolidation of Pt 
particles is generally evident. In the region "c", a number of small 
particles evident in the reduced catalyst disappear and are replaced 
by one large (4 nm) particle in the sintered catalyst. A similar 
agglomeration is strikingly evident in Figure 6.6, where particles of 
the order of 20 nm in size appear after thermal treatment at 500°C. 
Once again, there is evidence of some particles remaining stationary 
during treatment. In Figure 6.5, particles observed after thermal 
treatment at regions "a", "b", and "c" correspond to particles ob- 
served in the unreduced state. This is not true of all the particles 
in Figure 6.5, however, such as those by "d" and "e". In these cases 
no particles are evident in the unreduced state, although the problem 
of detectability again exists for the very small unreduced particles. 
In Figure 6.8, the two particles each in regions "a" and "b" again 
remain stationary during thermal treatment at 500°C, although two 
apparently new particles appear by "d". 

Both Figures 6.6 and 6.8 suggest that some localized effects are 


significant in the changes in metal particles associated with reduction 
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and thermal treatments. For example, in Figure 6.6 an unusually high 
density of Pt exists in the unreduced catalyst in the catalyst area. 
While the reasons for this concentration of Pt salt are unknown, it 
results in Pt particles 5 to 10 times larger than normal after sintering. 
In light of the apparent influence of larger Pt crystallites on the 
overall sintering rate (see Section 6.2.3 above), such localized 

effects may be significant in the sintering of a catalyst. In Figure 
6.8, the apparent agglomeration of the particles in region "c" to the 
large particle evident after thermal treatment again suggest a local- 
ized effect due to the close proximity of so many Pt particles. 

In only one case, grid 6, did the holey carbon film in the areas 
micrographed survive more than one sintering treatment. Figure 6.9 
shows the same specimen area after three thermal treatments (the 
middle micrograph is the mirror image of the other two because the 
grid was inverted). The extremely high carbon contamination, evident 
in all three micrographs, makes the distinction of individual Alon 
particles impossible, and severely impedes the clarity of the Pt 
crystallites. Despite this problem, the continued agglomeration of 
Pt can be noted for increasing thermal treatments: typical particle 
sizes change from 2.5 to 5 nm. While the poor clarity limits particle 
detection, we were able to note that some particles did not shift with 
the thermal treatment. Six particles noted in region "a" after the 
first sinter were identified in the micrograph taken after the second 
sinter. Similarly, five particles evident after a thermal treatment 
correspond to an existing particle in the same location prior to the 
treatment. The caution must also be re-emphasized that the catalyst 


on grid 6, contaminated by carbon (presumably from the holey film), 
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and losing metal to the film surface (shown in Figure 6.4), deviates 


substantially from a typical Pt/Al 404 catalyst system. 


6.3 Discussion 
The purpose of these experiments was in part to try to establish 


the mechanism of sintering, specifically to distinguish between crys- 


tallite migration®: !@> 6.13 


O04, 0. lo 


and atomic or molecular interparticle 
transport as the sintering process. This pursuit is by no 
means of academic interest only, since knowledge of the mechanism of 
Pt agglomeration would suggest appropriate schemes to control or 
reverse the loss of metal dispersion. Unfortunately, we do not con- 
Sider the evidence gathered in this work to be sufficiently definitive 
to allow elimination of one or the other mechanism. 

| Sintering of the 4.76% Pt on Alon catalyst suggests strongly, 
however, that crystallite diffusion is not the sole mechanism of 
catalyst sintering, as previously noted (Chapter 5). The Alon sub- 
strate consists of 10 to 30 nm alumina particles; upon drying these 
appear to form irregular porous stacking arrangements. As Figure 6.1 
shows, growth of Pt particles continues even when the metal crystallite 
sizevexceeds the size of a typical Support Darlicle; 10 1svdtuhicule 
to conceive of crystallite motion along the support surface continuing 
to occur in such a case. 

Sintering of the commercial 0.5% Pt catalyst confirms the ability 

of supported metal catalysts to show an increase in dispersion (mea- 


sured by gas uptake) with certain thermal treatments. The atomic sur- 


: 0. las oar 
face diffusion model developed in Chapter 5 accounts for re- 


dispersion as a transitory effect arising from the buildup of a high 
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surface concentration of mobile metal species; cooling of a catalyst 
could "freeze" this metal as small crystallites or atomically dis- 


persed atoms. Emelianova and Hassau°*2? 


compared the dispersions of 
supported Pt catalysts which were rapidly and slowly cooled following 
otherwise identical thermal treatments. Their finding that the rapidly 
cooled catalyst always had a higher dispersion than the slowly cooled 
catalyst does suggest a "freezing" of the agglomeration process. 


Ruckenstein and Pulvermacher®’!4> ©-13 


do not account for redispersion 
in their model, but propose to do this in a future work, attributing 

it to particle breakup caused by a spreading surface pressure. Attempts 
to determine whether redispersion is a transitory phenomenon followed 
by particle growth were frustrated when the 0.3% Pt commercial catalyst 
Showed an unexpectedly high rate of sintering at 575°C. 

The higher rate of sintering observed when presintered catalyst 
containing large Pt particles is added to a catalyst batch suggests 
that the large Pt particles speed agglomeration by acting as a "sink" 
for the transported metal. This in turn strongly suggests a highly 
mobile rapidly transported Pt species under the sintering conditions 


employed, since if the process were controlled by slowly diffusing Pt 


crystallites the effect of large metal particles on sintering rate 


6.14, 6.15 


would be minimal. The atomic diffusion model assumes a very 


rapid migration of metal atoms or molecules along the substrate such 

as is noted in film growth studies®**), Ruckenstein and Pulvermacher 
aeecue oe describe a coalescence controlled condition, in which the 
rate of merger of metal particles is slower than their migration along 


the surface. However, Wynblatt and Gjostein®*? consider a sintering 


rate being coalescence controlled as impossible. If so, this suggests 
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interparticle transport rather than crystallite migration as a 
sintering mechanism that can account for the influence of the added 
large Pt particles on the overall Sintering rate. 

An ideal way of distinguishing between crystallite migration 
and atomic diffusion mechanisms would be to sinter a catalyst while 
observing it in the electron microscope, using a heated grid holder. 
However, our attempts at this were frustrated because drift of the 
specimen, presumably due to thermal gradients in the grid, prevented 
resolution and recording of the metal particles of the order of 10 
nm and less. The selection of an area of catalyst, to be examined 
after various treatments, was intended to approximate as closely as 
possible the im sttu experiment. However, two detectability problems 
affected the electron micrograph studies of catalysts treated on grids. 
For small particles, the problem of simultaneous detection of all Pt 
crystallites?: !® arises. For larger particles, carbon contamination, 
which we think arises from evaporation from the holey carbon film 
during thermal treatment, reduces the clarity of the micrographs. We 
conclude that at least some Pt particles remain in a fixed location 
during reduction and continued thermal treatments, and that agglomera- 
tion of Pt occurs during all of these steps. For a perfectly homo- 
geneous surface, the crystallite migration model of sintering?’ 2° 6.13 
predicts all Pt particles will move, while the atomic surface diffusion 
model predicts none will (although some will disappear). On a hetero- 
geneous surface, however, which probably more accurately describes a 
typical catalyst support, the former model can account for fixed 
particles and the latter can account for the appearance of particles 


at new locations. Hence these em studies do not allow either model 
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to be definitively selected. 

Contamination of the catalyst by material from the Supporting 
grid would probably be reduced or disappear if a high boiling metal 
(such as tungsten) holey Support film were used; Fukami et al, °-2> 98 
describe the preparation of these films. However, this would probably 


not reduce the transport of Pt to the support film, shown in Figure 6.4. 


6.4 Conclusions 

Sintering of supported metal catalysts was studied in a variety 
of experiments. For a 4.76% Pt on Alon catalyst, metal particle 
growth continued to a point where it exceeded the particle size of the 
Support. Sintering of Engelhard 0.5% Pt on alumina catalysts in 
oxygen gave evidence of redispersion at lower temperatures (450° to 
600°C) and loss of metal surface at higher temperatures (>600°C). The 
rate of sintering was found to be sensitive to the gas atmosphere and 
to the metal loading. 

Including a portion of presintered catalyst in a catalyst batch 
to be sintered appears to substantially increase the overall rate of 
sintering. This is attributed to the large Pt particles found in the 
presintered specimen acting as a "sink" for transported metal. 

Electron micrographs were recorded of the same catalyst area 
before reduction and after reduction and thermal treatments on the 
grid. Problems were noted with metal transport to the grid carbon 
support film and carbon transport to the catalyst. Agglomeration of 
Pt was noted after reduction in hydrogen at 300°C and after thermal 
treatments in helium at 500° and 550°C. Some metal particles kept a 


fixed location on the support during reduction and thermal treatments. 
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The data can be interpreted in terms of an interparticle trans- 
Port sintering mechanism. While some of the data cast doubt upon 
crystallite migration as a sintering mechanism, we do not consider 
the results sufficiently conclusive to rule out this model as a pos- 


sible mechanism of sintering. 
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APPENDIX A 
EXPERIMENTAL CONDITIONS 


A-1 Catalysts and Preparations 


Both commercial and prepared catalysts were used in this work. 

Commercial catalysts were purchased from Engelhard Industries of 
Canada, Ltd. (512 King Street East, Toronto, Ontario). The catalysts 
were 1/8" alumina pellets with a surface coating of metal. 0.3% Pt 
(Lot 12, 514), 0.5% Pt (Lot 18, 381) and 0.5% Rhodium (Lot 17, 941) 
catalysts were employed. Specific pretreatments are noted with the 
experimental results. 

Catalysts prepared in this laboratory were made with two different 
Supports: Kaiser 201 Alumina spheres (Kaiser Chemicals, Baton Rouge, 
Louisiana, U.S.A.), and Alon, fumed alumina, (Cabot Corporation, Boston, 
Mass., U.S.A.). The former was screened in this laboratory, and the 
8-10 mesh range was used in all preparations. The latter was used as 
received. 

Catalyst K] (1.62% Pt on Kaiser 201 alumina) was prepared in the 
following fashion: to 24.8129 grams of Kaiser 201 alumina was added 
30 ml of an HPtCl solution containing 0.401 grams of Pt metal. This 
solution was prepared by dissolving Engelhard Platinum Chloride (40%) 
(Engelhard Industries, Toronto, Ontario) in distilled H,0. After 
allowing to stand for 1/2 hour, the mixture was dryed at 110°C over- 
night, and then reduced in flowing hydrogen at 250°C for 1 hour. During 
crushing it was noted that the catalyst had a dark exterior ring, pre- 


sumably Pt, that extended about 1/3 of the radius. The center of each 
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alumina pellet was relatively free of Pt. Catalyst K2 (2.03% Pt 
on Kaiser 201 alumina) was prepared in a similar fashion except that 
the alumina was first wetted with pure Ho0, then the Pt solution was 
added. This mixture was allowed to stand 24 hours before being dried 
at 110°C. The dark ring of metal penetrated a shorter distance into 
the pellet for this catalyst, about 0.25 of the radius. 

Catalysts Al (0.10% Pt on Alon), A2 (0.51% Pt on Alon), A3 (1.00% 
Pt on Alon), A4 (2.03% Pt on Alon), A5 (2.46% Pt on Alon) and A6 (4.76% 
Pt on Alon) were prepared in a similar fashion. The alumina was wetted 
for form a thin paste, and then an appropriate amount of the platinum 
Salt solution was added. This paste was dryed at 110°C, then reduced 


at 250°C in flowing hydrogen. 


A-2 Gas Adsorption System 


A-2.1 Calibration, Accuracy, and Sample Calculations 
During normal operation of the dynamic system adsorbate gases 
were added to the continuously flowing carrier gas stream. This was 
achieved through the Carle sample valve described in Chapter 2, which 
has two loops that alternately hold a continuously flowing stream of 
sample gas. Switching of the valve passes the carrier gas through 
the loop and sweeps a pulse of the adsorbate gas past the catalyst. 
The contents of the loops were calibrated by comparison to known 
volumes injected by syringe. Table A-1 shows the results of an 05 cal- 
ibration run (Run 4). For various oxygen flow rates through the loop 
(measured with a calibrated rotameter) the average peak size from a 
pulse passing through an empty sample tube is shown. The maximum var- 


jation observed among peak areas from the same loop and flow rate was 
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Table A-1: 05 Calibration of Sample Loop Size 


0. flow through sample loop Average peak size 
cc (STP)/min (DISC integrator counts) 

102.5 11%832 

62.0 11,430 

47.2 11,227 

35.0 11,062 

26.6 10,924 

W704 10,930 

asi 10,746 

Injection Number of Average area Maximum Number, of 
volume pulses (DISC deviation moles 


integrator counts) in peak area, injected 
% 


0.4 cc 5 8,486 0.58% 1.50x 107° 
0.5 cc 7 10,494 1.394900, B7OK TON? 
0.6 cc 6 1299632 }.02g0h Wee, 259-1072 
0.7 cc 3 14,708 onig valve eos 
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less than 0.75%. The maximum variation observed among peak areas 

from the two different loops was less than 2.1%; however, this is not 
necessarily due to differences in the size of the two loops.The carrier 
gas passes through small ports in the sample valve, and the alignment 
of the valve (set by hand) was slightly different for the two loops, 
leading to small variations in the carrier gas flow rate through the 
two loops. Thus as the valve was operated over a long period of time 
the relative areas of the peaks from the two loops varied. In the cal- 
culations the two loops were assumed to hold the same amount of adsor- 
bate gas. 

Table A-1 also shows the area as a function of size of 05 pulse 
injected by syringe, with the maximum variation in peak areas indicated. 
Syringe contents were calculated from the ideal gas laws. From this 
data and the peak area as a function of flow through the loop, the size 
of an 05 pulse was determined to be 20.3 * 0.5 u moles at a flow rate 
of 60 cc (STP)/min through the loop. The variation in sample loop con- 
tents are from a variation in atmospheric pressure; which was 700 x 10 
mm Hg. In all standard runs 05 flow through the sample valve was main- 
tained at the rate of 60 cc (STP)/min, and the 20.3 u mole/pulse figure 
was used in uptake calculations. 

Hydrogen, when used as a sample gas, was also flowed through the 
loop at 60 cc (SPT)/min, but the lower viscosity of hydrogen relative 
to oxygen lowered the absolute pressure, and hence the contents, in 
the sample loop. To calibrate the hydrogen contents, the pressure di- 
rectly above and below one of the sample loops was measured by an H.0 


U-tube manometer read by a cathatometer. The upper, lower, and average 
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pressures are shown in Table A-2. Using 13.55 as the specific gravity 
of Hg, the results were converted to mm Hg. Using 700 mm Hg as the 
average barometric pressure (variation from 690 mm to 710 mm was actu- 
ally observed), the hydrogen pulses are found to contain 0.92 as many 
moles as the 0. pulses. In all standard runs where Hy was to be adsorb- 
ed flow was maintained at 60 cc (STP)/min, and the 0.92 x 20.3 u moles/. 
pulse figure was used in uptake calculations. 

In some runs, the effect of rate of addition of 05 on total uptake 
was checked by adding smaller 05 pulses. This was achieved by mixing 
the 0, with helium (the carrier gas) prior to flowing it through the 
Sample loop. Most runs were made using a Type A or Type B dilution, 
and Table A-3 shows the calibration of the contents of each pulse in 
these two cases, calculated from the area of the two peaks through an 
empty sample tube. Two runs (5 and 15) were made at mixing rates for 
which final areas were not recorded. In these cases the contents of 
a pulse was estimated from the nominal composition of the sample gas 
and a total content of 20.3 u moles of gas in the sample pulse. This 
procedure is less accurate than the calibration by peak area used for 
the Type A and Type B dilute pulses. 

During gas adsorption studies pulses were passed over the catalyst, 
and the output peak was recorded, taking two to five minutes per pulse. 
Pulses were continued until a steady output peak for each sample loop 
was achieved. The areas of these final peaks were assumed to represent 
20.3 u moles of 05 or 18.7 u moles of H,, and the fractional output 
peaks were computed by comparison to these output areas, assuming a 
linear relationship between sample gas amount and peak area. Thus the 


variation of carrier gas flow rate did not affect the results, since 
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Table A-2: Hydrogen Calibration 


C ; ] 2 

as Flow cc (STP)/min Papier cm H,0 ane cm H,0 Bade cm HA0 
Ho 60 35.6 34.8 B5mc 
0, 60 Eres 427: 116.1 


Based on an average atmospheric pressure of 700 mm Hg and a 
Specific gravity Of 13.55 for Ha: 


3050. X0 


PH = 700 + 13.55 = 726 mm Hg 
ui 1iGs bx ye 

708 = 700 + ISU RE Tar ae 786 mm Hg 
CBee = 726/786 = 0.92 


Vat upstream end of sample loop 


at downstream end of sample loop 
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Table A-3: Contents of Partial 0, Pulses 


2 
0, Flow He Flow Nominal Peak Area Oo, U Moles 
CC (STP, 0, Conc Disc Integrator 
re ee min 2 Counts (correct- in eee 
ed to the same 
a et ee EEN ION Ae 
Pure 60 0 100.0% 12,740 2013. 
Type A V2 49 19.7% 2,850 4.54 
Type B 5 190 2.56% 493 0.79 
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2 From previous correlation (see Table A-1) 
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an internal area standard was available. Figure A-1 shows a typical 
chart output for an oxygen run; the data are from Run 112. Table A-4 
shows a typical calculation of oxygen uptake in atoms of 0 per atom Pt 
for this run. 

Helium was always used as a carrier gas for oxygen pulses; both 
helium and nitrogen were employed for hydrogen pulses. Nitrogen has 
a much greater difference in thermal conductivity relativerto hydro- 
gen than helium. When used as a carrier gas for hydrogen pulses, a 
higher attenuation is used on the thermal conductivity cell output than 
when helium was used. This higher attenuation damped out noise and 
baseline drift due to temperature fluctuations and other uncontrol1- 
able factors; hence nitrogen carrier gas gave more accurate and drift 
free hydrogen uptake results. However, in titration runs, switching 
from helium to nitrogen as a carrier gas required about a one hour 
Sweep period before a stable baseline was observed. For this reason, 
later runs employed helium only as a carrier gas. Hydrogen peak areas 
were checked and found to be linear with pulse size up to a full pulse. 
An attenuation of unity for Ho output pulse meant that baseline drift 
reduced the accuracy of the Ho peak areas relative to 05 peak areas. 

A second factor increasing the relative error in Ho results was 
the presence of substantial tailing of the hydrogen peaks, attributed 
to reversible adsorption on the Pt catalyst of a portion of the Hy 
pulse. Comparison of 05 and blank tube peak areas showed virtually 
no retention of 05 once the surface was saturated with 0,. The re- 
versible hydrogen tail could be readily confused with baseline drift. 
For this reason 0, uptakes in pulses are generally reported to two 


decimals (to one-one hundredth of a pulse) in Section A II 4, while 
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Table A-4: Sample Calculations, Run 112 


a) Catalyst Charge: 
1.901 grams of catalyst A4 (2.03% Pt on Alon) 


0.0203 g metal 1 mole 6 u moles 
bo0l gx g catalyst SRS elplhe oe mole 


= 197 u moles of Pt atoms 


b) Oxygen Uptake: 
Area, Disc Integratos Counts Fraction Out 


Peak 1] 7,280 7280/12,250 = 0.594 
Peak 2 12,470 12,470/12,640 = 0.985 
Peak 3 12,250 1.000 
Peak 4 12,640 1.000 


Gross pulses in 4.000 
Total pulses out 3.579 
Net pulses in 0.421 


20.3 u moles 0 2 atoms 


pulse > X molecules > [7-! u atoms 0 


0.421 pulses x 


c) Uptake: 


bY slbsUe BLOMSs O67 ve 
AGT aieatoncepi 0.087 atoms O0/atom Pt 
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Ho results for an He carrier gas are reported to one decimal (one 
tenth of a pulse) unless manual integration of peaks was employed. 
Similar tailing was observed in adsorption of 05 On supported Rhodium 
catalysts, indicating some reversible adsorption of 05 in this case. 
Exact repeatability of dynamic gas uptake can not be assessed, 
for two reasons. First, catalysts show some variation from sample to 
sample in terms of catalyst loading and dispersion, making exact paral- 
el uptake determinations difficult. Second, each successive reduction 
and outgassing treatment can alter the surface of the metal catalyst. 
This latter effect seemed far more significant for the catalyst prepared 
on Alon than for the commercial catalysts or those prepared on Kaiser 
201. For commercial catalysts oxygen uptakes were generally repeatable 
within 0.02 atoms 0/atom Pt if the samples were run at about same time. 
Shelf ageing does appear to change gas adsorption amounts. Hydrogen 
uptakes were somewhat less repeatable than oxygen uptakes due to the 


lower measurement accuracy discussed above. 


A-2.2 The Effect of Reduction and Outgassing Times on Gas Uptakes 


Whether reduction time affects gas uptake appears to depend in 
part on the prior history of the catalyst sample. The Englehard 0.3% 
and 0.5% Pt on alumina catalysts were checked for gas uptake after 
various reduction treatments. Results of these experiments are shown 
in Table A-5. None of the 0.3% Pt samples had any prior reduction be- 
fore the indicated treatment, which the 0.5% sample had been reduced 
overnight in flowing hydrogen at 500°C before the treatments shown in 


Table A-5. For the 0.3% catalysts, overnight reduction at 500°C 
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raises the gas uptake. Since the catalyst is treated in air by 
Englehard (temperature unknown), the long initial reduction may be 
necessary to convert bulk platinum oxides. The increase in uptake 
observed in run 101 for reduction at 600°C may be due to redispersion 
of the catalyst; as noted in Chapter 6, such increases in dispersion 
have been noted during sintering of catalysts in oxygen. 

The results for the 0.5% Pt catalyst indicate that once the 
initial reduction is achieved, subsequent long term rereduction is not 
necessary. For the various reduction times, the deviation in initial 
oxygen uptake corresponds to about 0.01 pulses, the reliability of 
the peak measurements. Similarly, the titered hydrogen uptakes, 
measured for three of the runs, show a variance within the precision 
of the peak area measurements. 

Changes in outgassing time cause a more substantial variation in 
initial oxygen uptake as shown in Table A-6. Again, the Englehard 
0.5% Pt on alumina catalyst sample used in the study of reduction times 
was employed in these runs. Oxygen uptake decreases with increasing 
outgassing times, probably due to the desorption of surface hydrogen 
which otherwise consumes oxygen in a reaction to form H,0. Table A-6 
also shows the surface coverage by hydrogen, both in absolute amounts 
and as a fraction of the oxygen uptake. These were calculated assuming 
that the surface coverage by hydrogen is zero after 16 hours of out- 
gassing; that the higher oxygen uptakes reacted partially with the 
hydrogen to form water, leaving the same surface coverage by oxygen, 
in all cases; and that the carrier gas did not contain any oxygen to 
build up on the surface. The ability of the catalyst to retain hydrogen 


even after two hours outgassing is evident from Table A-6. 
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Table A-6: 


Run 


52 
49 
54 
51 
55 
50 
53 
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Effect of Outgassing Time on Gas Uptake! 


Calculated Residual 


Hydrogen 

Outgassing 01 atom/atom fraction of 

Time, hrs atom/atom surface 
ON25 0.183 0.42 0.26 
0.5 0.176 0.28 0.17 
ONS 0.180 0.36 0x22 
0 0.178 0.32 0.20 
2.0 Oxme72 0.20 0.12 
4.0 0.168 OZ 0.07 
16.0 0.162 0 0 


TReduction time two hours in flowing hydrogen at 500°C 


2assuming: a) 
b) 
c) 


no 05 in carrier gas 
1 


all hydrogen consumed via 2H + 2 05->H,0 


16 hr outgassing gives "clean", z.e. hydrogen free, 
surface 
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The results from Runs 50 and 53 may also serve, with a different 
set of assumptions, as a test of the maximum oxygen content of the 
carrier gas. Thus one may assume that the metal surface is "clean" 
after four hours and that subsequent decreases in oxygen adsorption 
are due to the continual adsorption from the carrier gas of traces 
of oxygen during the degassing period. At the carrier gas flow rate 
of 53.5 cc (STP)/min, 1.72 moles of helium flowed over the catalyst 
in the 12 hours difference in outgassing time between the two runs. 
The decrease in oxygen uptake for Run 53 corresponds to 0.65 micro 
moles of oxygen, so the maximum oxygen in the carrier gas, assuming 
that all oxygen present would be adsorbed on the catalyst, would be 
0.38 ppm. This value compares favorably to an upper limit of 0.4 ppm 
found by Meyer and Ronge (Reference 2.4 Chapter 2) in first testing 
out the Cu/Cu0 catalyst used in this work. A decrease of oxygen up- 
take with increasing outgassing time due solely to oxygen in the 
carrier gas would be linear with time. Since the results shown in 
Table A-6 do not correspond to a linear decline in oxygen uptake, at 
least part of the higher uptakes associated with shorter degassing 


times are attributed to residual surface hydrogen. 


A-2.3 Effect of Rate of Addition of Oxygen on Oxygen Uptake 


Supported platinum and rhodium catalysts were used to determine 
the sensitivity of oxygen uptake to the rate of addition of the oxygen 
to the catalyst. Since the adsorption of oxygen is exothermic and 
activated, it was anticipated that significant differences in localized 
heating might arise during the addition of adsorbate gas at different 


rates, leading to differences in uptake of the adsorbate gas. 
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In the first set of experiments the oxygen in the sample loop 
was diluted by mixing with the carrier gas (helium). The range of 
dilution in the sample loop was from pure 05 to 4% 0,. The results of 
uptakes, for various stages of dilution for 0.5% platinum (E1) and 
rhodium (E3) catalysts are shown in Table A-7. 

For the platinum catalyst runs, the uptakes at various dilutions 
are generally within 10% of each other, and show no consistent trend 
towards higher or lower uptakes for the diluted cases. For the one 
series where a rhodium catalyst was employed (Runs 13a to 19) signi- 
ficantly higher uptakes were observed for the very dilute pulses. How- 
evan. as noted above, oxygen adsorption on supported rhodium catalysts 
includes a reversible slowly eluted adsorption. The high uptake for 
Run 13a is attributed to the failure to detect extremely broadened 
peaks. This run was terminated by adding a pure 05 pulse after 330 
dilute type B pulses were added. Total uptake included the 330 pulses 
and a small fraction of the final pure 05 pulse. A portion of the 
first 330 pulses probably bled off without detection. 

From these data it was concluded that dilution of a 0.5 cc 
oxygen pulse did not significantly affect the uptake of oxygen on the 
catalyst surface. However, even when a pure oxygen pulse is used, the 
pulse gets diluted by the carrier gas as it is swept into the specimen 
tube and over the catalyst. A second experiment was designed to see 
if uptake of oxygen varied when a pure oxygen stream was passed oyer 
the catalyst, as compared to an oxygen pulse. 

The data, from Runs 93a, b, c, and d are shown in Table A-8; 2.03% 
Pt on Kaiser 201 catalyst was used. In Runs a and c, the catalyst was 


contacted with a stream of pure oxygen at about 1.2 atmospheres, then 
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Table A-7: Effect of Pulse Dilution on Oxygen Uptake 
Run Catalyst! Temperature, °C 05 per Pulse’, Oxygen Uptake, 
u Moles atoms/atom 
tL ET 0 9.2 0.350 
6 4.54 0.370 
7 20:93 0.381 
8 0.79 0.350 
ae 97 0.79 0.365 
10 203 0.330 
i 4.54 0.5323 
13a BS 0 0.79 1.000 
is 235 0.519 
16 4.54 0.492 
18 20.3 0.539 
19 4.54 0.499 
21 El 96 0.79 0.299 
22 4.54 0.254 
23 2093 0.256 
24 El -98 O279 0.197 
95 4.54 0.186 
26 20-3 0.198 
97 F] 0 0.79 0.214 


] 


El is Englehard 0.5% Pt on alumina 
E3 is Englehard 0.5% Rh on alumina 


uptake than subsequent samples of El. 


cor details on calibration see Section A-2.1 


3this sample of El had a varied thermal history in the early trials of 
the adsorption system and appears to have a significantly higher 
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29 
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Catalyst Temperature, °C 


El 


EA 


El sintered 
at 500°C 


El sintered 
at 600°C 


El sintered 
at 700°C 


Table A-7 (continued) 
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4.54 
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Oxygen Uptake, 
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Run 


93a 
93b 
93c 
93d 


By calculation, assuming H2' (run a) 


Table A-8: Oxygen and Hydrogen Uptakes for Stream 


and Pulse Addition of Initial Oxygen 


Initial Oxygen 
Added by 
stream 
pulse 
stream 


pulse 


01, Initial 
Oxygen Uptake, 
atoms/atom 


0.276! 


0.226 
0.251° 


0.225 


2ay calculation, assuming H2' (run c) 


H2 Hydrogen 03, Oxygen 
Titer Uptake, Titer Uptake, 


atoms/atom atoms/atom 
0.992 0.438 
0.891 0.434 
0.926 0.442 
0.874 0.431 


H2' (run b) 


H2' (run d) 
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hydrogen and oxygen titer steps were carried out. Runs b and d were 
identical to Runs a and c except that the initial oxygen was added 
by pulses for Runs b and d. If one assumes that the hydrogen left on 
the surface after titration (H2') is the same in Run a as in Run b, 
and similarly the same in Run c as in Run d, then the initial oxygen 
uptake (01) for Runs a and c may be calculated. Accounting for the 
water formed during titration, H2' (Run b) = 0.439 atoms/atom, so that 
01 (Run a) = 0.276 atoms/atom. This represents about a 20% increase 
in initial oxygen uptake in Run a as compared to Run b. Similar cal- 
culations for Runs c and d give H2' (Run d) = 0.424 atoms/atom, 01 
(Run c) = 0.251 atoms/atom, or about a 10% increase in initial oxygen 
uptake in Run c as compared to Run d. 

Before concluding that oxygen uptake is significantly enhanced, 
a comment must be made on the assumption that H2 (Run a, c) is equal 
to H2 (Runs b, d). If the hydrogen uptake following titration is 
higher for a higher initial oxygen uptake, 01, then the calculated 
increase in 01 for Runs a and c will be correspondingly lower. One 
factor raising 01 for cases a and c is the higher partial pressure of 
oxygen when a pure 05 stream is used. Whether localized heating ef- 
fects are also involved cannot be determined from these four runs. 

In conclusion, further dilution of the 0.5 cc pulses of oxygen 
used in this work appear to have no significant or consistent affect 
on oxygen uptake on support Pt catalysts. Use of a pure oxygen stream 


appears to increase oxygen uptake slightly as compared to addition of 


oxygen by pulses. 


A-2.4 Experimental Conditions and Results 


Table A-9 gives in summary form the experimental conditions and 
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results for the dynamic gas adsorption system. Gas uptake results 


are in pulses of 05 or Hos Ol is an initial oxygen uptake, Ho is the 


Subsequent uptake of hydrogen uptake, etc. Thus the series 05-H5-05-H, 


97 95-Hy-05 leads 


to uptakes H1, 02, H3, 04. The pulse contents are 20.3 u moles 05 and 


leads to uptakes 01, H2, 03, and H4, while the series H 


18.7 u moles Ho» as discussed in Section A-2.1. 

Specific comments on each run follow Table A-9. The following 
codes are employed in the table: 
Catalyst Code: (all concentrations are weight %) 

El Englehard 0.5% Pt on alumina (commercial) 

E2 Englehard 0.3% Pt on alumina (commercial) 


E3 Englehard 0.5% Rh on alumina (commercial) 


K1 1.62% Pt on Kaiser 201 alumina (prepared) 
K2 2.03% Pt on Kaiser 201 alumina (prepared) 


Al 0.10% Pt on Alon alumina (prepared 


A2 0.51% Pt on Alon alumina (prepared 


A3 1.00% Pt on Alon alumina (prepared 


prepared 


( ) 
( ) 
( ) 
A4 2.03% Pt on Alon alumina (prepared) 
A5 2.46% Pt on Alon alumina ( ) 
( ) 


A6 4.76% Pt on Alon alumina (prepared 


Reduction Code: 
1 - Overnight ( 14 hr) in flowing Ho at. 500°C. 
2 - 1 hour in flowing H, at 500°C. 
3 - Other, see comments. 


A - Reduction started in room temperature furnace, heatup rate 


was v500°C per hour. 
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B - Reduction started at 500°C. 

C - Reduction started at some other temperature. Unless otherwise 
noted, in these cases the temperature controller set point 
was 500°C, and the furnace was either heating or cooling to 
that temperature. 

Outgassing Code: 

1 - Two hours in flowing He at 500°C. 

2 - One hour in flowing He at 500°C. 

3 - Other, see comments. 

Sample Gas Code: 

A starred 05 (05*) means that the oxygen pulses were diluted for 

this run; details of the dilution are in the comments. From 

Section A-2.1, a Type A dilute pulse contains 4.54 u moles 0, per 


pulse, a Type B dilute pulse contains 0.79 u moles 05 per pulse. 
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Comments on Dynamic System Runs 


Calibration, injected 0.5 cc (STP)/min pulse 05. 


Calibration, injected 0.3, 0.5, 0.7 cc (STP)/min pulse 0.. 
Recorder test, uptake not measured, reduction started at 250°C. 
Calibration, injected 0.4, 0.5, 0.6, 0.7 cc (STP)/min pulse 0,. 
Dilute 0, pulse (~9.2 x 107° moles 0. per pulse), reduction 
Sitanteds ate250°C. 

Type A dilute 05 pulse, reduction started at 250°C. 

Pure 05 pulse, reduction started at 250°C, 01' is after 2 hrs 
in He at 250°C, 01" is after subsequent overnight purge in He 
at 250°C, peak areas computed for four different flow rates. 
Type B dilute 0, pulse, reduction started at 250°C. 

Type B dilute 5 pulse, reduction started at 250°C. 

Pure 05 pulse. 

Type A dilute 05 pulse, reduction started at 250°C. 

Reduced 6 hr in flowing Ho at 500°C. 

Type B dilute 05 pulse, run aborted by plugged line, reduction 
started at 250°C. 

Type B dilute 0, pulses (330); then pure 05 pulse added. 
Rhodium catalyst causes tailing in oxygen peak. 

Dilute 0, pulse (“1.85 x 107° moles 0, per pulse). 

Type A dilute 05 pulse. 

Some desorption of 05 observed at 200°C. 


Pure 05 pulse. 


Type A dilute 05 pulse. 
Attempt to determine aH. for reversible 05 on Rh by getting holdup 
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for various temperatures; excessive mixing prevented accurate 
assessment of holdup. 

Type B dilute 05 pulse, reduction started at 250°C. 
Type A dilute 05 pulse. 

Pure 05 pulse. 

Type B dilute 05 pulse, reduction started at 250°C. 
Type A dilute 0. pulse. 

Pure 05 pulse. 

Type B dilute 05 pulse, reduction started at 250°C. 
Type A dilute 05 pulse. 

Pure 0, pulse, reduction time 1.75 hr. 

Run aborted, reduction started at 250°C. 

Type B dilute 0. pulse. 

Type A dilute 05 pulse. 

Pure 05 pulse. 

Pure 05 pulse. 

Type B dilute 05 pulse, reduction started at 250°C. 
Type A dilute 05 pulse, reduction time 0.6 hr. 


Pure 05 pulse. 


Catalyst from Runs 34-36 was sintered in 05 at 500°C overnight; 
Type B dilute 05 pulse, reduction time 2 hr. 


Same catalyst as Run 37, pure 05 pulse. 


Same catalyst from Runs 27-29 was sintered in 05 at 600°C over- 
night; pure 05 pulse; reduction started at 600°C, lasted 2 hr. 
Same catalyst as Run 39, Type B dilute 05 pulse, reduction 


started 150°C. 
Same catalyst from Runs 30-33 was sintered in 05 at 700°C 
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overnight; Type B dilue 0, pulse; reduction started at 600°C, 
lasted 2 hr. 

Same catalyst as Run 41; pure 0, pulse. 

Correlation of dilute peak sizes. 

Check on tailing, reduction started at 250°C. 

Reduction started at 250°C; run aborted due to open valve. 
Reduction time was 0.5 hr., outgassing time was 4 hrs; tube 
burst after this run, catalyst lost. 

Reduction time 1.5 hr. 

Reduction time 4.0 hr. 

Reduction time 14.5 hr. 

Outgas time 0.5 hr., reduction time 2 hr. 

Outgas time 4.0 hr., reduction time 2 hr. 

Outgas time 1.0 hr., reduction time 2 hr. 

Outgas time 0.25 hr., reduction time 2 hr. 

Qutgas time 16.0 hr., reduction time 2 hr. 

Outgas time 0.5 hr., reduction time 2 hr. A recheck of Run 49, 
no significant change in dispersion. 

Outgas time 2.0 hr, reduction time 2 hr. 

Titration, Ho Firs 6 

Same catalyst as Run 56, titration, 05 first. 

Reduction started at 250°C, lasted 3 hr., titration, 0, HIRST. 
Same catalyst Run 58, titration, Ho first, reduction started at 
250°C: 

A portion of the catalyst used in Runs 58 and 59 is sintered over- 


night in flowing 0, at 450°C. Titration, 0, first. Reduction 


started at 450°C. 
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Same catalyst as Run 60, titration, Ho first. 

A portion of the catalyst used in Buns 60 and 61 is sintered 
overnight at 600°C. Titration, Ho first., Reduction started at 
600°C, lasted for 1 hr. 

Same catalyst as Run 62, titration, 0, first. Reduction started 
at 310°C. 

A portion of the catalyst used in Runs 62 and 63 is sintered in 
0. overnight at 700°C. Titration, 05 first. Reduction started 
ate700°C.sdasted 1.5 -hr. 

Same catalyst as Run 64, titration, Ho first. Reduction started 
atns002G:. 

Same catalyst as Runs 64 and 65. Duplication of Run 64. 

A portion of the Catalyst used in Runs 64 and 65 is sintered in 
0, overnight at 800°C. Titration, Ho first. Reduction started 
at 800°C, lasted 1.4 hr. 

Same catalyst as Run 67, titration, 05 first. Reduction started 
ate2007C. 

Titration, 05 finste 

Catalyst exposed to Hy at 600°C prior to this run due to furnace 
malfunction, Same catalyst as Run 69, titration, Ho FiTst. 

Same catalyst as Run 69, a repeat of that run. 


Same sample as Run 69, titration, 05 first, Reduction started 


ate10o0°G: 


A test of adsorption on an alumina blank. Heated to 500°C in H.. 


A portion of the Catalyst used in Runs 69-72 is used in this run 
and run 75. Reduction 0.5 hr. Long term titration. 


Carrier gas was passed through liquid nitrogen trap for this 
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long term titration. Reduction 0.5 hr., same catalyst as Run 74. 
Same catalyst as Run 75. Reduction 0.15 hr., 0.2 cc of CCl, in- 
jected in carrier gas line prior to first adsorption, no uptake 
observed. Overnight degassing at room temperature does not lead 
to uptake, but reduction in Ho at 500°C does. 

Titration, Hy Ear sD. 

Test of linearity of peak size of Ho to amount of Ho» using a 
blank tube and varying Ho pulse sizes. Response was linear over 
region observed. 

Titration, Ho first: 

Same sample as Run 79, titration, 05 first: 

Titration, 0, IESTS 

Same sample as Run 81, titration, Ho first. 

Titration, He fipst, at -98°C. 

Same catalyst as Run 83. 

Same catalyst as Run 83. Peaks were too diffuse to be recorded. 
Same catalyst as Run 83. OQutgassed at 400°C for 1 hr., 500°C for 
OeSehratalitrationvat 97°C: 

Same catalyst as Run 83. Titration at 206°C. Reuptake of Hy 
after 1 hr was 0.23 pulses. 

A portion of the catalyst used in Runs 79 and 80 is finely crushed. 
A portion of the catalyst used in Runs 83-87 was used in a dupli- 


cation of Run 85. Again both Ho and 05 peaks were too diffuse to 


be measured. 


Titration, both ways. 


A portion of the catalyst from Runs 79 and 80 was sintered in 0, 


overnight at 700°C, then cooled to room temperature without 
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reduction. No further uptake of hydrogen at room temperature 
was observed, however, the sample was small and extensively 
sintered (which EM pictures show). 

Titration--run was aborted by malfunction in alignment of sample 
valve. 

Catalyst exposed to pure oxygen stream after cooling but before 
first hydrogen adsorption, hence first hydrogen adsorption is Ho. 
Same catalyst as 93a. 

Same catalyst and treatment as 93a. 

Same catalyst as 93a, a repeat of Run 93b. 

Run aborted due to water in carrier gas line. 

Catalyst was sintered three days in air at 575°C. 

Catalyst was sintered 12 hr. in air at 575°C. 

Unsintered catalyst. 

Unsintered catalyst. 

Catalyst was sintered 6 hr. in air at 575°C. 

Same catalyst as Run 95. 

Same catalyst as Runs 95 and 100, reduced overnight at 600°C 

and outgassed at 600°C. 

Catalyst was sintered overnight at 700°C in 0,; reduction started 


at 700°C, lasted 1.5 hr., outgassing started at 520°C, lasted 


stiles 

Unsintered catalyst. 

Catalyst wetted with 0.5 cc HA0 prior to adsorption. 

Same catalyst as Run 104, catalyst wetted with Os5.ce Ho9 prior 


to adsorption. 


Same catalyst as Runs 104 and 105. 
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A portion of the catalyst used in Run 103 is sintered at 575°C 
overnight in 0. Reduction started at 575°C, lasted 1 hr. 

A mixture of 23.1% of catalyst from Run 102 and 76.9% of catalyst 
from Run 103 is prepared and treated identically to the catalyst 
in Run 107. 

Catalyst from Run 107 is sintered overnight in 05 at-6s0-C, Re- 
duction started at 630°C, lasted 1 hr. 

Catalyst from Run 108 is treated identically to the catalyst in 
Run 109. 

A portion of the catalyst used in Run 103 is sintered at 610°C 
overnight in 0... Reduction started at 610°C, lasted 1 hr. 

A mixture of 23.1% of catalyst from Run 102 and 76.9% of catalyst 
from Run 103 is sintered overnight in 0, at 610°C. Reduction 


carried out at 610°C, lasted 1 hr., outgassing started at 610°C, 


lasted 1 hr. 
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APPENDIX B 
CALCULATION OF PHASE CONTRAST IMAGES 

Chapter 3 described the theory whereby phase contrast profiles in 
the image plane may be calculated for a variety of assemblies of scat- 
tering centers. The EMCON program was developed to perform this cal- 
culation. 

Table B-1 gives the spatial coordinates of the scattering centers, 
which are based on a close packed spacing of 9.275 nm. These values 
were read into EMCON as XN(J) and YN(J), in Angstrom units. Table B-2 
lists the parameters used in the EMCON program. The Doyle-Turner 
scattering equation is detailed in reference 3.17 (Chapter 3); the para- 
meters for gold were used. 

The EMCON program is listed. It uses the IMSL DRMBIU integration 
routine (Library 1, International Mathematical and Statistical Libraries, 
Inc., Houston, Texas, U.S.A.) and the SSP BESJ program for the zero 
order Bessel function value (IBM System 360 Scientific Subroutine Pack- 
age Programmer's Manual (H20-0205), IBM, New York, N.Y., U.S.A.). The 
program determines the square of the wave function, ie as a function 
of the spatial position in the image plane. Thus a contrast profile 
of the atom or atoms scattering the electrons may be determined. Di- 


rectly following the program a sample output from EMCON is also shown. 
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Table B-1: Atom Coordinate Positions Used in EMCON 


° 


Case Atom number Coordinates of atom, A 
G) | (0, 0) 
1 (58771, 0) 
Ch 2 (-0.79386, 1.375) 
© 5 3 (-0.79386, -1.375) 
Identical to 3 atom 1] C168 7/0) 
case with 4th atom 
in center 2 (-0.79386, 1.375) 
3 (-0.79386, -1.375) 
4 OA 0) 
@G) 1 , £0.20) 
GIOIe 2 (2:75.40) 
6) @ 3 (leo Dan Ceooltod) 
y 4 | | (ld 3755x2438 157,) 
‘ie 5 (eis Sig 
6 (=1), 375-2208) 07,) 
7  (1.375,--2.38157) 


All reported profiles were stepped off in the +x direction. 
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Table B-2: Parameters Used in EMCON 


All four cases were evaluated for the following input data: 


WAVEL 
APER 
HMIN 
FOCLEN 
TOL 


DELRAD 
CSPH 
DELFOC 


Bs 


wavelength of incident electron) 
aperture size) 


( 

( 

(minimum integral step size) 
(focal length of objective lens) 
( 


tolerance of integral in DRMBIU 
program) 


(radial spatial increment) 
(spherical aberration factor) 


(defocus in Angstroms) 


(number of radial increments) 


0.037 A 
40 /microns 
5 10” yadians 


1.6 mm 


0.005 
0.5 A 
1.6 mm 


-200. to +400. nm, 
in 20 nm increments 


21 


In addition, the single atom case was evaluated over the DELFOC range 


-20. to +200 nm, in 20 nm increments, for the above conditions with 


APER values of 32, 16, 8 and 4 microns. 
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APPENDIX C 
CALCULATION OF A SINTERING HISTORY 
Chapter 5 outlines the equations which are postulated to describe 
the change in individual particle sizes during sintering. The SINTR 
programs were used to solve these equations, for the cases described 
in Chapter 5. 
2 ape 


SINTR 1 was used for ofS, values <10 » where a trial and 


error solution is needed because Fos the number of free surface atoms, 
is significant. In the case of a/S 5 > 10/4 ae Fe could be approxi- 
mated as zero, a trial and error solution was no longer necessary, 

and SINTR 2 was used. 

Both programs are reproduced here, along with a sample output 
from SINTR 2 which directly follows the listing of SINTR 2, Particle 
sizes for every tenth time increment were printed. The sample out- 
put shows only one of these complete particle size outputs after | hr. 


Computations were continued for 50 hrs (500 time increments) or until 


only one particle remained. 
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